
Ž .Biochimica et Biophysica Acta 1330 1997 17–28

Pores formed by influenza hemagglutinin 1
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Abstract

Ž .Low pH-induced fusion mediated by the hemagglutinin HA of influenza virus involves a conformational change in the
protein that leads to the insertion of a ‘‘fusion peptide’’ of the protein into the target membrane. It has been suggested that
this insertion, aided by the formation of a complex of multiple HA trimers, would lead to perturbation of the bilayer
structure of the membrane, initiating fusion. Here we present data showing that the interaction of the bromelain released

Ž .ectodomain of the protein BHA with liposomal membranes at low pH leads to pore formation, at least at low
temperatures. Strongly temperature-dependent low pH-induced inactivation of BHA resulted in a complete lack of activity
of BHA above 108C. Even at 08C, only about 5% of the BHA participated in pore formation. Viral HA was less rapidly
inactivated and still induced pores at 378C. BHA-induced pore formation showed a sigmoidal time course. Once BHA had
formed a pore in one liposome, it did not form a pore in a further liposome. Quantitative analysis of pore formation
indicated that one single BHA trimer sufficed to produce a pore. These data indicate that fusion peptide insertion perturbs
the membrane and that the formation of a complex of trimers is not a prerequisite for the perturbation. q 1997 Elsevier
Science B.V.
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1. Introduction

Fusion of influenza virus with target membranes is
mediated by the trimeric integral membrane protein,

Ž . Ž w x.hemagglutinin HA for reviews, see 1–3 . Each
monomer of the trimer consists of two disulfide-lin-

w xked subunits 4 , the smaller one of which, HA2, is
membrane-anchored and has a hydrophobic N-
terminus, the so-called ‘‘fusion peptide’’. Low pH

w xinduces a conformational change in the protein 5 ,
which results in the insertion of the fusion peptide

w xinto the target membrane 6,7 and the viral mem-
w xbrane 8 . The expression of HA on the surface of

cells causes their fusion with neighbouring cells at
w xlow pH 9 . On the basis of experiments with cell
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lines that expressed varying densities of HA, it was
demonstrated that multiple HA trimers are required

w xfor fusion 10,11 . Some data indicate that these
w xtrimers interact cooperatively 10,11 . It is often as-

sumed that several HA trimers form a higher order
oligomer or ‘‘fusion complex’’.

Insertion of the fusion peptide could change the
structure of the lipid bilayer of the target membrane
locally, particularly if the formation of a fusion com-
plex would concentrate these peptides. Fusion of
influenza virus with erythrocytes induces hemolysis
w x12–14 and the leakage of small molecular weight

w xsubstances from liposomes 12 , indicating that dur-
ing fusion, pores are formed in the membrane of the
fusion product. In this paper, the term pore is used to
indicate any kind of defect leading to the leakage of

w xsubstances across a membrane. Shangguan et al. 15
have shown that a rather large pore is generated
during the fusion of influenza virus with liposomes,
allowing the leakage of dextrans with a molecular
weight of 10 000. However, it is not clear if this is
the result of fusion with a leaky viral membrane or is
caused directly by fusion peptide–membrane interac-
tions. On the one hand, a preparation of membrane-
free HA aggregates that are held together by hy-
drophobic interactions between the membrane an-

Ž .chors HA rosettes also had lytic activities at low pH
w x16–18 . HA rosettes are made by detergent solubi-
lization of viral membranes, followed by purification

w xof the protein and removal of the detergent 16 . On
the other hand, the ectodomain of HA, prepared by

Ž . w xbromelain digestion of HA BHA , induced no 16 or
w xvery slow 17 hemolysis, although the fusion peptide

of BHA is known to insert into the target membrane
w x19,20 . Therefore, it seems possible that residual
detergent at least contributed to the lytic activities of
HA rosettes. Alternatively, the lack of activity of
BHA could be due to its instability at low pH values
w x21,22 .

It was often suggested that changes in the structure
of the bilayer created by fusion peptide insertion

Ž w x.could be crucial for fusion see reviews 1,23 , since,
in order to merge the viral and the target membrane,
the lipids at the site of fusion have to deviate at least

w xtemporarily from a bilayer structure 24 . Thus, struc-
tural changes in the membrane induced by HA result-
ing in pore formation might be related to the forma-
tion of lipid intermediate structures that are required

for fusion. In this way, the lipid intermediates in the
bilayers would lead to the formation of the first
aqueous connection between the viral and the target
membrane interior, the ‘‘fusion pore’’. However,
electrophysiological measurements have shown that
the fusion pores form before significant lipid mixing
takes place, and that the pores may be entirely pro-
teinaceous, resembling an ion channel made of HA

w xtrimers 25 .
In this paper, we present data showing that BHA is

able to interact with liposomal target membranes at
low pH values, resulting in pore formation, at least at
low temperatures. Strongly temperature-dependent
low pH-induced inactivation of BHA was responsible
for a complete lack of activity of BHA at tempera-
tures above 108C. Only a fraction of the BHA partici-
pated in pore formation even at 08C. In contrast, viral
HA was less rapidly inactivated, and still induced
pores at 378C. The use of BHA trimers instead of HA
rosettes or viral HA allowed us to establish that one
single BHA trimer was able to make a pore.

2. Materials and methods

2.1. Liposome preparation

Multilamellar vesicles were produced by resuspen-
sion of dry lipid films of egg phosphatidylcholine,

Žegg phosphatidylethanolamine both from Avanti Po-
.lar Lipids, Birmingham, AL, USA , gangliosides

ŽSigma, St. Louis, MO, USA; type III from bovine
.brain, estimated molecular weight 1500 grmol at a

molar ratio of 6:3:1 in buffer containing 145 mM
NaCl, 2.5 mM HEPES and 1 mM EDTA, pH 7.4.
Subsequently, the suspension was frozen and thawed
five times and large unilamellar vesicles were made

Žfrom the multilamellar vesicles by extrusion five–ten
.times through 0.1 mm defined-pore polycarbonate
Ž . w xfilters Nucleopore, Pleasanton, CA, USA 26 . After

extrusion, residual multilamellar liposomes were re-
moved by centrifugation. Phospholipid phosphate was

w xdetermined according to Bottcher et al. 27 . The size¨
distribution of the liposomes was determined by dy-
namic laser light scattering at 632 nm using a He–Ne
laser, an ALV-125 goniometer and an ALV-5000
correlator.
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2.2. Virus

The X-31 recombinant strain of influenza A virus
Ž w x.from plaque C-22 28 was grown for us by the

ŽSchweizerisches Serum- und Impfstoffinstitut Bern,
.Switzerland in the allantoic cavity of embryonated

eggs, and purified, handled and stored essentially as
w xdescribed before 29 . Viral phospholipid was ex-

w xtracted according to Folch et al. 30 and phospho-
lipid phosphate was determined according to Bottcher¨

w xet al. 27 .

2.3. BHA preparation

BHA was prepared as described by Brand and
w xSkehel 31 with minor modifications as specified by

w xHarter et al. 19 . Briefly, virus was pelleted by
centrifugation and resuspended in 100 mM Tris–HCl
buffer, 57 mM 2-mercaptoethanol, pH 8.0. The pro-
tein was then released from the virus by digestion

Žwith 2 mgrml bromelain Calbiochem, La Jolla, CA,
.USA at 378C for 20 h. Subsequently, virus was

removed by centrifugation and BHA was purified
from the supernatant by molecular sieve chromatog-
raphy on Sephadex G-75 in buffer containing 3.5 mM
HEPES, 1 mM EDTA and 145 mM NaCl. As as-
sessed by sodium dodecyl sulfate–polyacrylamide gel

Ž .electrophoresis SDS–PAGE , the protein was more
than 95% pure. Protein concentrations were deter-

w xmined according to Bradford 32 using the BioRad
Žprotein assay BioRad Laboratories, Hercules, CA,

.USA; using bovine serum albumin as the reference .

2.4. Calcein leakage measurements

Leakage of the small molecular weight fluorescent
dye, calcein, from liposomes was assessed by moni-
toring its fluorescence at 515 nm, with excitation at
495 nm, using an SLM 8000 D spectrofluorimeter. At
high concentrations, the fluorescence of calcein is
self-quenched. Dilution of liposome-entrapped cal-

Žcein into the aqueous buffer 5 mM HEPES, 10 mM
MES, 15 mM sodium citrate, 135 mM NaCl, 1.0 mM

.EDTA, pH 5.0 surrounding the liposomes therefore
leads to an increase in fluorescence intensity. Calcein
was entrapped into liposomes by hydrating the lipid
film in buffer containing 2.5 mM HEPES, 1 mM
EDTA, 100 mM NaCl and 50 mM calcein at pH 7.4
or in buffer containing 5 mM HEPES, 10 mM MES,

15 mM citrate, 85 mM NaCl, 1.0 mM EDTA and 50
mM calcein at pH 5.0, respectively. Non-entrapped
dye was then removed by molecular sieve chro-
matography on Sephadex G-75 with buffer contain-
ing 3.5 mM HEPES, 1 mM EDTA and 145 mM
NaCl at pH 7.4 or in buffer containing 135 mM
NaCl, 15 mM sodium citrate, 10 mM MES, 5 mM
HEPES and 1 mM EDTA at pH 5.0, respectively. For
evaluation of the kinetic measurements, the fluores-
cence data were normalized. The fluorescence inten-
sity, F , of completely dequenched calcein was ob-

`

tained after lysis of the liposomes with the detergents
Ž .Triton X-100 7.6 mM or octaethyleneglycol mono

Žn-dodecyl ether C12E8, Nikko Chemicals, Tokyo,
. Ž .Japan; 5.0 mM . The efflux of dye function, E t , was

calculated from the relative fluorescence intensities,
Ž . Ž .F t , according to Eq. 1 , where F represents the0

initial fluorescence

E t s F yF t r F`yF 1Ž . Ž . Ž . Ž .Ž .` 0

Ž .For easier comparison with the fusion data, 1yE t
Ž .is plotted in some of the figures, rather than E t .

This function has an initial value of zero and reaches
a value of 1 when all liposomes are lysed. We
observed an increase in fluorescence intensity, proba-
bly due to spontaneous leakage, when liposomes
were kept at low concentrations, especially at 378C or
when the solution was stirred, even if no protein or
virus was added. The increase in fluorescence inten-
sity after 24 hours was about 15 to 35% of the
difference between F and F . For that reason, long0 `

time experiments were done without further stirring,
after mixing the components for several seconds. In
this case, the fluorescence intensity F of a liposomes

solution, which was incubated for the same time
under the same conditions, but in the absence of
BHA, was taken as the initial level of fluorescence.

Ž .The efflux E 24 h was then calculated according to:

E 24h s F yF 24h r F yF 2Ž . Ž . Ž . Ž .` ` s

The lag time before the onset of leakage was defined
as the time between the addition of BHA or virus and
the intercept of the tangent to the inflection point of

w xthe leakage curve with the time axis 33 , as first
w xproposed by Bentz 34 .

2.5. Fusion measurements

Fusion between virus and labeled liposomes was
w xmeasured with a resonance energy transfer assay 35 .
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Labeled liposomes contained 0.6 mol.% each of N-
Ž l i s s a m i n e R h o d a m i n e B s u l f o -

. Ž .nyl dioleoylphosphatidylethanolamine N-Rh-PE
Ž .and N- 7-nitro-2,1,3-benzoxadiazol-4-yl phos-

Ž .phatidylethanolamine N-NBD-PE . Fluorescence
was recorded at excitation and emission wavelengths
of 465 and 530 nm, respectively, with a 515-nm
long-pass filter placed between the cuvette and the

w xemission monochromator 36 on a SLM 8000 D
spectrofluorimeter with continuous stirring in a ther-
mostated cuvette holder. All measurements were car-
ried out in buffer containing 135 mM NaCl, 15 mM
sodium citrate, 10 mM MES, 5 mM HEPES and 1
mM EDTA at pH 5.0 or 7.4. For calibration of the
fluorescence scale, the initial residual fluorescence
intensity, F , was taken as the zero level and the0

intensity at infinite probe solution, F , as the maxi-`

mum. The latter value was obtained by lysis of the
liposomes with 5.0 mM octaethyleneglycol mono

Ž .n-dodecyl ether C12E8, Nikko Chemicals with cor-
rection for dilution. Hence, the calibrated fluores-
cence, F , was obtained by:n

F s F t yF r F yF 3Ž . Ž . Ž .n 0 ` 0

Ž .In some experiments, dextran MW 19 600 grmol ,
at a concentration of 4.1 mM, was incorporated into
liposomes containing N-NBD-PE and N-Rh-PE. A
much higher pressure was needed to extrude the
liposomes in this case, but a similar extrusion proto-
col as described above was followed.

3. Results

3.1. BHA induces pore formation in liposomes at 08C

Influenza virus and HA rosettes have hemolytic
activity and induce the leakage of small molecular

w xweight markers from liposomes at low pH 12–17 .
However, BHA, which, in contrast to HA rosettes, is
not prepared in the presence of detergent, had little or

w xno lytic activity 16,17 . Therefore, the activity of HA
rosettes could be due to residual detergent and, in this
case virus-induced lysis, could be a consequence of
fusion, in line with the results obtained by Shangguan

w xet al. 15 , rather than resulting from the interaction
of HA with target membranes. On the other hand,
BHA is not very stable at low pH values and, thus,

Fig. 1. Comparison of fusion and leakage at 378C. At time 0,
Ž . Ž .virus a, b, d, e or BHA c, f was injected into a cuvette

Ž . Ž .containing liposomes at pH 5.0 a, b, c, g or pH 7.4 d, e, f . The
liposomes either contained calcein and leakage of this substance

Ž .from liposomes was measured b, c, e, f, g as described in
Ž .Section 2, or fusion was measured a, d . In the latter case,

liposomes contained the fluorescent phospholipid analogues N-
NBD-PE and N-Rh-PE and fusion was measured by a resonance
energy transfer assay, as described in Section 2. F : normalizedn

Ž .NBD fluorescence. The leakage data are expressed as 1yE t
Ž .see Section 2 for ease of comparison with the fusion data. The

Ž . Ž .Eq. 1 yE t represents the amount of calcein that has leaked
from the liposomes. All experiments were done at 378C, at 5 mM
liposomal phospholipid and 25 nM BHA or 5 mM viral phospho-

Ž . Ž .lipid a, b, d, e . g Leakage from liposomes under the same
conditions as in c but in the absence of BHA.

the lack of activity could be due to its inactivation
w x21 .

To investigate these issues, we first compared the
fusion of virus with large unilamellar liposomes
Žcom posed of phosphatidylcholine, phos -
phatidylethanolamine and gangliosides in a 6:3:1 ra-

. Žtio with virus-induced leakage at pH 5.0, 378C Fig.
.1 . Fusion, measured using the resonance energy

w xtransfer assay of Struck et al. 35 , leveled off at a
fluorescence increase of 41% at pH 5.0, correspond-

w xing to 82% fusion 37,38 . Virus-induced leakage of
the small molecular weight substance, calcein, from
liposomes, measured by the relief of self-quenching
of the dye upon its dilution in aqueous buffer, reached
a level of 86%. At this pH and temperature, BHA

Ž .induced less than 5% leakage Fig. 1 . At neutral pH,
there was neither leakage nor fusion. BHA does not

w xinduce fusion 17 .
To investigate if the lack of activity of BHA at this
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temperature was due to the instability of BHA at
378C, fusion and leakage were also investigated at

Ž .08C Fig. 2 . In the absence of target membranes, the
fusion activity of viral HA is rapidly affected by low

w xpH incubation at 378C, but not at 08C 39 . At 08C,
virus-induced leakage reached 91% after 30 min, but
fluorescence dequenching measurements of fusion
had reached only 8% at this time point, correspond-
ing to 16% fusion. Therefore, in contrast to the data

w xpublished by Shangguan et al. 15 , these data indi-
cate that leakage was also from liposomes that did
not fuse with the virus, suggesting that it could be
caused by interactions of HA with liposomes, rather
than being a secondary consequence of fusion. Signif-
icantly, at this temperature, BHA was found to in-
duce 69% leakage within 30 min at pH 5.0. Both
fusion and leakage showed a sigmoidal time course.

ŽNo leakage or fusion took place at neutral pH Fig.
.2 . The detailed pH-dependence of BHA-induced pore

formation confirmed that a conformational change in
the protein, which exposes the fusion peptide, was

Ž .involved Fig. 3 .
Thus, it seemed likely that the lack of activity of

BHA at 378C was due to strongly temperature-depen-
dent inactivation. To investigate this in more detail,
the activity of BHA was measured at a range of

Ž .temperatures Fig. 4, panel A . We found that the rate
of BHA-induced leakage decreased with increasing

Fig. 2. Comparison of fusion and leakage at 08C. At time 0, virus
Ž . Ž .a, b, d, e or BHA c, f was injected into a cuvette containing

Ž . Ž .liposomes at pH 5.0 a, b, c or pH 7.4 d, e, f at 08C. Leakage
Ž . Ž .b, c, e, f and fusion a, d were measured as in Fig. 1. All other
conditions were as in Fig. 1.

Ž .Fig. 3. Dependence of leakage on pH. BHA 1.15 nM was
Žincubated with calcein-containing liposomes 2.5 mM phospho-

.lipid at 08C and at various pH values. The extent of leakage was
Ž .measured after 24 h, as described in Section 2. 1yE 12 h s

amount of calcein that has leaked from the liposomes after 24 h.

temperature. Moreover, when BHA was incubated at
low pH for 10 min at 08C before the addition of
liposomes, the rate of leakage was much reduced
Ž .Fig. 4, panel B . These data indicate that BHA is
more rapidly inactivated at low pH than is viral HA,
and that this inactivation is much faster at higher

w xtemperatures. Doms and Helenius 21 have shown
that BHA trimers dissociate at low pH and at room
temperature. In accordance with their data, we found
that, as measured by high-performance liquid chro-

Ž .matography HPLC gel filtration, about 50% of BHA
Ž .1.0 mM dissociated after a treatment at 258C and

ŽpH 5 for 10 min, followed by reneutralization data
.not shown . At lower concentrations, there should be

at least as much dissociation.
The leakage of calcein across the membrane was

the result of a membrane defect induced by HA, and
not the result of complete destruction of the lipo-
somes, as evidenced by the capacity of the liposomes

Ž .to undergo fusion Fig. 1 . Also, negative stain elec-
tron microscopy showed intact liposomes after incu-

Ž .bation with BHA at pH 5 results not shown . More-
Ž .over, if liposomes containing dextran MW 19 600

were prepared as described in Section 2, they could,
in contrast to liposomes containing buffer, be pelleted
by centrifugation in an Eppendorf centrifuge. After
incubation with various concentrations of BHA at pH
5, 08C, under conditions where calcein would have

Žleaked completely 16 mM liposomal lipid, 3 nM
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Fig. 4. Inactivation of BHA. Panel A: 10 nM BHA, pH 7.4, was
Žadded to a solution of calcein-loaded liposomes 10 mM phos-

.pholipid in acidic buffer to a final pH of 5.0 at various tempera-
Ž . Ž .tures. 1yE 24 h : as in Fig. 3. Panel B: BHA 29 nM was

Ž . Ž . Ž .incubated at pH 5.1 and 08C for 0 s a , 200 s b or 600 s c
Žprior to the addition of calcein-loaded liposomes 2.5 mM phos-

.pholipid at time 0, and leakage was measured.

.BHA, 30 min , 92% of the liposomes could still be
pelleted, indicating that high molecular weight
molecules were retained in their interior.

BHA-induced leakage apparently reached a final
level after incubation for several hours. To investi-
gate if BHA caused leakage of only a fraction of
liposomes or lysed all liposomes eventually, various
amounts of BHA were incubated with liposomes at
08C and pH 5.0 for 2, 24, 48 and 170 h. As shown in
Fig. 5, leakage reached a constant level after 24 h.
Further incubation did not increase the extent of
leakage. If calcein-loaded liposomes were added to a
sample of BHA and liposomes that had already
reached a final level of leakage, no further BHA-in-

Ž .duced leakage was observed data not shown . There-

Fig. 5. Leakage from liposomes versus BHA concentration. BHA
Žwas added to calcein-containing liposomes 2.5 mM phospho-

.lipid at pH 5.1, 08C. The extent of leakage was measured after 2
Ž . Ž . Ž . Žh circles , 24 h squares , 46 h triangles and 170 h inverted

.triangles .

fore, the interaction of BHA with liposomes was
most likely irreversible; once a BHA molecule has
bound to a liposome and formed a pore, it is not able
to form a pore in a further liposome. To investigate at
which point pore formation became irreversible,
empty liposomes were incubated with BHA at low
pH and, after various periods of time, calcein-loaded
liposomes were added to the mixture. As shown in
Fig. 6, after preincubation of BHA with liposomes
for 10 min, less than 10% of the subsequently added

Fig. 6. Preincubation of BHA with liposomes at pH 5.0, 08C.
Ž . ŽBHA 1.15 nM was incubated with unlabelled liposomes 2.5

. Ž .mM phospholipid without calcein dots or without liposomes
Ž .circles at pH 5.0, 08C for a certain period of time. Then,

Ž .calcein-loaded vesicles were added 2.5 mM . Leakage was mea-
sured after 24 h.
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Žcalcein-loaded liposomes which would have been
lysed if BHA was incubated at low pH in the absence

.of liposomes were lysed under these circumstances.

3.2. Determination of the minimum number of BHA
trimers required to form a pore

To determine the minimum number of BHA-tri-
mers per liposome required to form a pore, we as-
sumed that the binding of the protein to liposomes is
non-cooperative, i.e., that the trimers bind to lipo-
somes independently. Furthermore, it was taken into
account that one BHA trimer induced leakage in only
one liposome, as shown above. The fraction of emp-
tied liposomes can then be calculated as a function of
the proteinrliposome ratio, assuming that the lipo-
somes are of equal size. Dynamic laser light scatter-
ing measurements, as described in Section 2, showed
that the size distribution of the liposomes, which
were made by repeated extrusion through defined-pore

w xfilters, was very narrow, as described previously 26 ,
around a mean diameter of 103 nm. In that case, the

Ž .fraction P m of liposomes with exactly m proteinsm

are Poisson-distributed according to:

P m seym
m

mrm! 4Ž . Ž .m

where m is the average number of BHA trimers per
liposome. The fraction of liposomes with one or more

Ž .pores can be calculated from the efflux function, E t ,
Žprovided that the mode of leakage ‘‘all or none’’ or

.more gradual is known. To determine the mode of
leakage, we first measured the self-quenching of
calcein incorporated in liposomes at a range of con-

Ž .centrations not shown . Liposomes containing 50
mM calcein were then incubated at pH 5, 08C with
various concentrations of BHA for 24 h, resulting in

Ž .a variety of leakage levels Fig. 7 . The liposomes
were separated from the free dye by gel filtration
chromatography, and the quenching of the calcein

w xremaining in the liposomes was determined 40 . It
was found that, even under conditions where more
than 80% of the calcein had leaked out of the lipo-
somes, the quenching in those that still contained the
dye was still close to the quenching of 50 mM

Ž .calcein Fig. 7 , clearly indicating an ‘‘all or none’’
mode of leakage for BHA. In this case, the fraction

w Ž .xof emptied liposomes equals 1yE t . Assuming
that m proteins are required to form a pore, then thep

Fig. 7. ‘‘All or none’’ mode of leakage. Liposomes containing
Ž .calcein 50 mM were incubated with various concentrations of

BHA at pH 5, 08C and, after 24 h, the liposomes were separated
from the leaked dye, and the quenching of calcein remaining in

Ž .the liposomes was determined as described in the text dots . The
quenching expected in the case of an ‘‘all or none’’ mode of
leakage is represented by a straight line and the curve shows the
quenching expected for a gradual release of dye.

fraction of liposomes that do not lose their content
equals the sum of all fractions of liposomes with less
than m proteins:p

E m ,m sSP i , is0 . . . m y1 5Ž . Ž . Ž .p m p

and the fraction of emptied liposomes becomes:

1yE m ,m s1ySP i , is0 . . . m y1 6Ž . Ž . Ž .p m p

The final extent of leakage at several different
concentrations of liposomes and BHA was calculated

Ž . Ž .according to Eq. 6 Fig. 8, panel A and measured
Ž .Fig. 8, panel B . The measured data points were

Ž .fitted using Eq. 6 . Best fits were obtained with
m s1, yielding an exponential function, with ap

mean square residue of 0.009. For m s2, the meanp

square residue was 0.015 and for m s3, it wasp

0.021. These data indicate that the minimum number
of BHA trimers required to form a pore was one.
However, the concentrations of BHA at which lysis
occurred were twenty-fold higher than expected if
every BHA trimer would be active, as shown graphi-
cally in Fig. 8, panel B. Therefore, these data could
either mean that only 5% of the BHA had pore-for-
ming activity, or that the formation of very large

Žcomplexes of BHA trimers of the order of twenty
.trimers in the solution was required prior to binding
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to the liposomes in order to produce a pore. Consider-
Ž .ing that BHA is rapidly inactivated at low pH Fig. 4

and that fragments of BHA containing the fusion
w xpeptide were found to bind to liposomes singly 41 ,

the former possibility is more likely.

3.3. The kinetics of leakage

As can be seen most clearly in Fig. 4, panel A,
BHA-induced leakage showed a sigmoidal time
course. The occurrence of a ‘‘lag phase’’ before the
onset of leakage indicated that there were at least two

Fig. 8. Leakage from liposomes at different BHA trimer concen-
w Žtrations. Panel A: The fraction of emptied liposomes 1yE m,

.x Ž . Ž . Ž . Ž .m was calculated using Eq. 6 see text for m s1 a , 2 bp p
Ž .and 6 c and plotted versus the proteinrliposome ratio, m. Panel

B: BHA was added to calcein-containing liposomes at pH 5.1,
w Ž .x08C. The extent of leakage 1yE m was measured after 24 h as

described in Section 2. The final phospholipid concentrations
Ž . Ž . Ž .were 2.5 mM circles , 20 mM squares , 25 mM triangles and

Ž .50 mM rhombi . Solid line: theoretical curve for m s1 wasp

calculated as described for panel A; dotted line: theoretical curve
for m s1 and interaction of one twentieth of the protein.p

Fig. 9. Lag versus preincubation time of BHA at a low pH value.
Ž .BHA 29 nM was incubated at 08C and pH 5.1 for the time

Ž .indicated. Then, liposomes 2.5 mM phospholipid were added
and calcein leakage was monitored. The lag time was determined
graphically, from the injection of BHA to the intercept of a
tangent to the leakage curve at its inflection point, as described in
Section 2.

rate-limiting steps in the reaction leading to leakage.
These steps could involve the conformational change
in BHA, binding of the protein to the liposomes,
insertion of the fusion peptide into the target mem-
brane, and the perturbation of the target bilayer,
which leads to pore formation. Preincubation of BHA
with liposomes at pH 7.4 did not significantly shorten
the lag, indicating that BHA-receptor binding was not
rate-limiting. As preincubation of BHA at low pH in
the absence of liposomes seemed to shorten the lag

Ž .phase cf. Fig. 4, panel A , we investigated whether
or not the conformational change in BHA was rate-
limiting. To this end, we preincubated BHA at 08C,
pH 5.0 for various times, in the absence of lipo-
somes, and determined the lag, as described in Sec-

Ž .tion 2 Fig. 9 . It was found that preincubation for up
to 200 s shortened the lag, but longer preincubations
did not shorten it further. Therefore, the conforma-
tional change contributes to the measured lag, but is
not solely responsible for it. These data indicate that
there were more than two steps leading to leakage.

4. Discussion

In this paper, we have shown that a single trimer
of BHA, the soluble ectodomain of HA, is able to
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form a pore in a liposome at the pH of HA-induced
fusion. BHA was rapidly inactivated at low pH in a
strongly temperature-dependent fashion and, there-
fore, significant pore formation at pH 5 was seen at
temperatures below 108C only. BHA-induced pore
formation was preceded by a lag phase. Receptor
binding of the molecule to liposomes did not appre-
ciably contribute to the lag phase, and there still was
Ž .a shortened lag after the low pH-induced conforma-

tional change in BHA, indicating that there were
more than two rate-limiting steps in the reaction.

Temperature-dependent low pH-induced inactiva-
tion is probably the reason why previous experiments

w xwith BHA at 378C showed no 16 or only very slow
w x17 hemolysis. The fusion and hemolytic activities of
viral HA and HA rosettes are also inactivated at low
pH values in a similar temperature-dependent fashion
w x16,39 but much more slowly than BHA, indicating
that the transmembrane C-terminal part of HA is

w ximportant for the stability of the molecule 21 . Even
at 08C, we found that only 5% of BHA participated in
pore formation. Most likely, the remainder of the
BHA was inactivated before it could interact with the
membrane. For membrane-anchored HA, inactivation
probably involves insertion of the fusion peptide in
the membrane containing HA, rather than the target

w xmembrane 8 , and also aggregation of HA trimers
w x42 , most likely through hydrophobic interactions
between their fusion peptides. Two mechanisms are
likely to contribute to the inactivation of BHA. At
low pH values, BHA molecules were shown to aggre-
gate into rosettes, which are held together by hy-
drophobic interactions between the fusion peptides in

w xthe center of the rosette 43 . Since inactivation was
irreversible and BHA trimers were shown to interact

w xsingly with the target membrane 41 , BHA molecules
aggregated in this fashion are most likely to no
longer be capable of interactions with the membrane.
Also, dissociation of the trimers of the low pH form

w xof BHA contributed to the inactivation 21 . Alterna-
tively, it is possible that some BHA trimers did bind
to liposomes and insert their fusion peptides, but
without forming a pore. However, binding experi-

Ž .ments R. Jiricek, unpublished seem to indicate that
the fraction of BHA that binds to liposomes is not
very much larger than the fraction that causes pore
formation.

The kinetic distinction between virus-induced leak-

Ž .age and fusion at 08C Fig. 2 and the pore-forming
activity of BHA indicate that the leakage, which was
shown to occur during influenza virus–liposome fu-

w xsion 15 , is caused by the interaction of HA with the
target membrane. It remains a possibility that lipid
mixing during fusion is also a leaky process, as

w xsuggested by Shangguan et al. 15 , and that there is
leakage after fusion, because the viral membrane has

w xdefects, as suggested by Young et al. 44 . It should
w xbe noted that Shangguan et al. 15 used a strain of

virus whose HA has considerable sequence differ-
ences from the one used here.

HA-induced fusion may require the cooperative
w xinteraction of multiple HA trimers 10,11 . Coopera-

tivity was first demonstrated using two cell lines
expressing 1.9-fold different densities of the protein,
which showed a 4.4-fold difference in the extent of

w xfusion with liposomes 11 . Moreover, on the basis of
the duration of the lag phase that preceded the fusion
of nine cell lines expressing different densities of HA
with erythrocytes, it was concluded that fusion in-
volved the cooperative action of three to four trimers
w x10 . Originally, it was suggested that multiple HA
trimers have to form a higher order oligomer or
‘‘fusion complex’’ in order to initiate fusion. In that
case, most of the lag was thought to arise from the
formation of the fusion complex. However, the data

w xpresented by Danieli et al. 10 and the results of
w xother experiments with cell-surface-expressed HA 45

suggested that the cooperativity was not at this stage
of the reaction, but at a later stage. In agreement with
these observations, BHA-induced pore formation was
also preceded by a lag phase, and the pores were
formed by single trimers, as we have shown here. If
the events that take place during the lag preceding
BHA-induced lysis are comparable to those that take
place during the lag preceding fusion, then it is most
likely that fusion peptide–target membrane lipid in-
teractions are rate-limiting and that these could play a
key role in fusion.

In the case of BHA, these interactions may involve
the formation of a certain arrangement of two or
three fusion peptides in the membrane at the site of
fusion. It is not clear how insertion of the fusion
peptide would lead to pore formation. Pores are
induced by synthetic fusion peptides, but, in most
cases, small unilamellar vesicles were used as targets
w x46–49 and, because of the curvature strain on these
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membranes, they are easily lysed. On using large
unilamellar vesicles as targets, a clear correlation was
found between the ability of synthetic influenza fu-
sion peptides with different sequences to produce
pores and the fusion activity of the corresponding

w xwild-type or mutant HAs 50 . Typical lytic amphi-
pathic helical peptides, which differ from the fusion
peptide because they have positive charges, have
been proposed to induce leakage either by forming
pores according to a barrel–stave mechanism, involv-

w xing clusters of transmembrane helices 51 , or by
increasing the negative curvature strain on mem-

w xbranes 52 . Fusion peptides probably do not form
pores of the barrel–stave type. Studies with photoac-
tivatable lipids have indicated that the fusion peptide

w xof BHA is inserted as an a-helix 20 . The orientation
of the inserted peptide has been found to be parallel

w x w xto the plane of the membrane 53 , or oblique 54,55 .
The tryptophan residue of the molecule is close to the

w xhydrocarbonrpolar interface 56 . Even though there
may be differences between BHA and viral HA, in
the sense that viral HA might penetrate deeper into

w xthe target membrane 6 , there are no indications that
fusion peptides would span the membrane, like they
should in a barrel–stave model. Moreover, other
viruses that have fusion proteins with internal, rather
than N-terminal, fusion peptides, also cause hemoly-

w xsis and induce pore formation in membranes 13,57
and it is hard to imagine how these would span the
membrane.

Alternatively, fusion peptides could have lytic
properties because they increase the negative curva-
ture strain on membranes, a mechanism proposed for

w xlytic amphipathic peptides 58 . Synthetic influenza
fusion peptides were shown to have effects that are
compatible with this proposal, at low pH values, and
peptides corresponding to mutants that lack fusion

w xactivity did not have these 59 . Although this seems
to provide a plausible link between fusion and lytic
activities of fusion peptides, considering that the
formation of structures with negative curvature is

w xthought to be required for fusion 1,23 , it was re-
cently shown that changes in the composition of the
membrane that would affect the negative curvature

w xstrain have little effect on fusion or leakage 15 .
Whether BHA is actually capable of altering mem-
brane curvature or not remains to be determined.

The pore-forming activities of other peptides that

do not span the membrane or resemble amphipathic
w x w xlytic peptides, like magainin 2 60 or melittin 61,62 ,

cannot be easily understood. Most of these peptides
presumably induce pore formation only as multimers,
indicating the formation of a larger, defined structure.
Considering the orientation of the influenza fusion
peptide in the membrane, and the fact that a single
trimer of BHA has pore-forming activity, the mecha-
nism of pore formation by these types of peptides
might give the most relevant information on BHA-in-
duced pore formation.

Although influenza HA is the most extensively
studied membrane fusion protein, and many details of
the conformational change in the protein at the pH of
fusion are known, how the protein succeeds in mix-
ing the lipids of the viral and target membrane is not
understood. Insertion of the fusion peptide into the
target membrane seems to play a key role in the
process. Studies with synthetic fusion peptides mod-
eled after wild-type- or mutant fusion peptides almost
invariably show a positive correlation between the
pore-forming ability of the synthetic peptide and the

w xfusion activity of the corresponding HA 48–50,59 .
Therefore, it is likely that the effect of these peptides
on the membrane, which gives rise to pore formation,
is comparable to that which gives rise to lipid mixing.
Such studies can now be performed with BHA, pro-
viding a more sophisticated model for observing the
changes in the lipid membrane and obtaining infor-
mation on the lipid intermediates that are involved in
fusion.

Acknowledgements

We thank Dr. R. Gluck and R. Mischler of the¨
Swiss Institute for Serum and Vaccines for the prepa-
ration of influenza virus, A. Arbuzova for helpful
discussions and Dr. M. Winterhalter for critical re-
view of the paper.

References

w x1 J.E. Bentz, Viral Fusion Mechanisms, CRC Press, Boca
Raton, FL, 1993.



( )R. Jiricek et al.rBiochimica et Biophysica Acta 1330 1997 17–28 27

w x2 J. Zimmerberg, S.S. Vogel, L.V. Chernomordik, Ann. Rev.
Ž .Biophys. Biomol. Struct. 22 1993 433–466.

w x Ž .3 F.M. Hughson, Curr. Biol. 5 1995 265–274.
w x Ž .4 I.A. Wilson, J.J. Skehel, D.C. Wiley, Nature 289 1981

366–375.
w x5 P.A. Bullough, F.M. Hughson, J.J. Skehel, D.C. Wiley,

Ž .Nature 371 1994 37–43.
w x6 T. Stegmann, J.M. Delfino, F.M. Richards, A. Helenius, J.

Ž .Biol. Chem. 266 1991 18404–18410.
w x7 M. Tsurudome, R. Gluck, R. Graf, R. Falchetto, U. Schaller,¨

Ž .J. Brunner, J. Biol. Chem. 267 1992 20225–20232.
w x8 T. Weber, G. Paesold, C. Galli, R. Mischler, G. Semenza, J.

Ž .Brunner, J. Biol. Chem. 269 1994 18535–18538.
w x Ž .9 J. White, A. Helenius, M.-J. Gething, Nature 300 1982

658–659.
w x10 T. Danieli, S.L. Pelletier, Y.I. Henis, J.M. White, J. Cell

Ž .Biol. 133 1996 559–569.
w x11 H. Ellens, J. Bentz, D. Mason, F. Zhang, J. White, Biochem-

Ž .istry 29 1990 9697–9707.
w x12 T. Maeda, K. Kawasaki, S.I. Ohnishi, Proc. Natl. Acad. Sci.

Ž .U.S.A. 78 1981 4133–4137.
w x Ž .13 J. Lenard, D.K. Miller, Virology 110 1981 479–482.
w x Ž .14 R.T. Huang, R. Rott, H.-D. Klenk, Virology 110 1981

243–247.
w x Ž .15 T. Shangguan, D. Alford, J. Bentz, Biochemistry 35 1996

4956–4965.
w x16 S.B. Sato, K. Kawasaki, S.I. Ohnishi, Proc. Natl. Acad. Sci.

Ž .U.S.A. 80 1983 3153–3157.
w x Ž .17 S.A. Wharton, J.J. Skehel, D.C. Wiley, Virology 149 1986

27–35.
w x18 S. Gunther-Ausborn, A. Praetor, T. Stegmann, J. Biol. Chem.¨

Ž .270 1995 29279–29285.
w x19 C. Harter, T. Bachi, B. Semenza, J. Brunner, Biochemistry¨

Ž .27 1988 1856–1864.
w x20 C. Harter, P. James, T. Bachi, G. Semenza, J. Brunner, J.¨

Ž .Biol. Chem. 264 1989 6459–6464.
w x Ž .21 R.W. Doms, A. Helenius, J. Virol. 60 1986 833–839.
w x22 R.W. Doms, A. Helenius, in: S. Ohki, D. Doyle, T.D.

Ž .Flanagan, S.W. Hui, E. Mayhew eds. , Molecular Mecha-
nisms of Membrane Fusion, Plenum, New York, 1987, pp.
385–398.

w x Ž .23 D.P. Siegel, Biophys. J. 65 1993 2124–2140.
w x Ž .24 J. Wilschut, D. Hoekstra, Chem. Phys. Lipids 40 1986

145–166.
w x Ž .25 M. Lindau, W. Almers, Curr. Opin. Cell Biol. 7 1995

509–517.
w x26 L.D. Mayer, M.J. Hope, P.R. Cullis, Biochem. Biophys.

Ž .Acta 858 1986 161–168.
w x27 C.J.F. Bottcher, C.M. Van Gent, C. Fries, Anal. Chim. Acta¨

Ž .24 1961 203–204.
w x28 R.W. Doms, M.J. Gething, J. Henneberry, J. White, A.

Ž .Helenius, J. Virol. 57 1986 603–613.
w x Ž .29 S. Nebel, I. Bartoldus, T. Stegmann, Biochemistry 34 1995

5705–5711.

w x30 J. Folch, M. Lees, G.H. Sloane-Stanley, J. Biol. Chem. 226
Ž .1957 497–509.

w x Ž .31 C.M. Brand, J.J. Skehel, Nature New Biol. 238 1972
145–147.

w x Ž .32 M.M. Bradford, Anal. Biochem. 72 1976 248–254.
w x33 T. Stegmann, I. Bartoldus, J. Zumbrunn, Biochemistry 34

Ž .1995 1825–1832.
w x Ž .34 J. Bentz, Biophys. J. 63 1992 448–459.
w x35 D.K. Struck, D. Hoekstra, R.E. Pagano, Biochemistry 20

Ž .1981 4093–4099.
w x36 T. Stegmann, D. Hoekstra, G. Scherphof, J. Wilschut, Bio-

Ž .chemistry 24 1985 3107–3113.
w x Ž .37 S. Nir, T. Stegmann, J. Wilschut, Biochemistry 25 1986

257–266.
w x Ž .38 T. Stegmann, S. Nir, J. Wilschut, Biochemistry 28 1989

1698–1704.
w x39 T. Stegmann, F.P. Booy, J. Wilschut, J. Biol. Chem. 262

Ž .1987 17744–17749.
w x40 G. Schwarz, A. Arbuzova, Biochim. Biophys. Acta 1239

Ž .1995 51–57.
w x41 S.A. Wharton, L.J. Calder, R.W.H. Ruigrok, J.J. Skehel,

Ž .D.A. Steinhauer, D.C. Wiley, EMBO J. 14 1995 240–246.
w x42 D. Gutman, T. Danieli, J.M. White, Y.I. Henis, Biochem-

Ž .istry 32 1993 101–106.
w x43 R.W. Ruigrok, A. Aitken, L.J. Calder, S.R. Martin, J.J.

Skehel, S.A. Wharton, W. Weis, D.C. Wiley, J. Gen. Virol.
Ž .69 1988 2785–2795.

w x44 J.D.-E. Young, G.P.H. Young, Z.A. Cohn, J. Lenard, Virol-
Ž .ogy 128 1983 186–194.

w x Ž .45 M.J. Clague, C. Schoch, R. Blumenthal, J. Virol. 65 1991
2402–2407.

w x46 M. Murata, Y. Sugahara, S. Takahashi, S. Ohnishi, J.
Ž .Biochem. 102 1987 957–962.

w x Ž .47 C. Schoch, R. Blumenthal, J. Biol. Chem. 268 1993
9267–9274.

w x Ž .48 N. Duzgunes, F. Gambale, FEBS Lett. 227 1988 110–114.¨ ¨
w x49 S.A. Wharton, S.R. Martin, R.W. Ruigrok, J.J. Skehel, D.C.

Ž .Wiley, J. Gen. Virol. 69 1988 1847–1857.
w x50 M. Rafalski, A. Ortiz, A. Rockwell, L.C. van Ginkel, J.D.

Ž .Lear, W.F. DeGrado, J. Wilschut, Biochemistry 30 1991
10211–10220.

w x Ž .51 D.M. Ojcius, D.-E. Young, Trends Biochem. Sci. 16 1991
225–229.

w x52 M.E. Tytler, J.P. Segrest, R.E. Epand, S.-Q. Nie, R.F.
Ž .Epand, G.M. Anatharamaiah, J. Biol. Chem. 268 1993

22112–22118.
w x53 R. Ishiguro, M. Matsumoto, S. Takahashi, Biochemistry 35

Ž .1996 4976–4983.
w x54 J. Luneberg, I. Martin, F. Nuessler, J.-M. Ruysschaert, A.¨

Ž .Herrmann, J. Biol. Chem. 270 1995 27606–27614.
w x55 C. Gray, S.A. Tatulian, S.A. Wharton, L.K. Tamm, Bio-

Ž .phys. J. 70 1996 2275–2286.
w x56 M.J. Clague, J.R. Knutson, R. Blumenthal, A. Herrmann,

Ž .Biochemistry 4 1991 5491–5497.



( )R. Jiricek et al.rBiochimica et Biophysica Acta 1330 1997 17–2828

w x Ž .57 K. Mifune, M. Ohuchi, K. Mannen, FEBS Lett. 137 1982
293–296.

w x58 R.M. Epand, Y. Shai, J.P. Segrest, G.M. Anatharamaiah,
Ž .Biopolymers 37 1995 319–338.

w x59 R.M. Epand, R.F. Epand, Biochem. Biophys. Res. Commun.
Ž .202 1994 1420–1425.

w x60 K. Matsuzaki, O. Murase, K. Miyajima, Biochemistry 34
Ž .1995 12553–12559.

w x61 M. Pawlak, S. Stankowski, G. Schwarz, Biochim. Biophys.
Ž .Acta 1062 1991 94–102.

w x62 G. Schwarz, R. Zong, T. Popescu, Biochim. Biophys. Acta
Ž .1110 1992 97–104.


