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Membrane fusion mediated by influenza virus hemagglutinin (HA) is believed to proceed via the cooperative
action of multiple HA trimers. To determine the minimal number of HA trimers required to trigger fusion, and
to assess the importance of cooperativity between these HA trimers, we have generated virosomes containing
coreconstituted HAs derived from two strains of virus with different pH dependencies for fusion, X-47 (optimal
fusion at pH 5.1; threshold at pH 5.6) and A/Shangdong (optimal fusion at pH 5.6; threshold at pH 6.0), and
measured fusion of these virosomes with erythrocyte ghosts by a fluorescence lipid mixing assay. Virosomes
with different X-47-to-A/Shangdong HA ratios, at a constant HA-to-lipid ratio, showed comparable ghost-
binding activities, and the low-pH-induced conformational change of A/Shangdong HA did not affect the fusion
activity of X-47 HA. The initial rate of fusion of these virosomes at pH 5.7 increased directly proportional to
the surface density of A/Shangdong HA, and a single A/Shangdong trimer per virosome appeared to suffice to
induce fusion. The reciprocal of the lag time before the onset of fusion was directly proportional to the surface
density of fusion-competent HA. These results support the notion that there is no cooperativity between HA

trimers during influenza virus fusion.

Influenza virus enters its host cell by endocytosis. The low
pH inside the endosome triggers conformational changes in
the major viral membrane protein, hemagglutinin (HA), lead-
ing to fusion of the viral with the endosomal membrane. Be-
sides studies on the structure of HA (8, 40), two different
approaches have contributed to making the mechanism of HA-
induced fusion the best-understood paradigm for biological
membrane fusion. The first involves the fusion of intact virus or
reconstituted viral membranes with model membranes (mostly
liposomes) or cells, enabling kinetic and quantitative analysis
of fusion mediated by HA under physiological conditions. In
the second, HA is expressed on the surface of cells, and fusion
of these cells with other cells or model membranes may be
measured by a variety of methods. Although the latter ap-
proach has many advantages, enabling for example mutagen-
esis of HA and variation of the HA density, the surface of a cell
does not have the same curvature as a viral membrane, the
density of cell surface-expressed HA is generally much lower
than that on virus particles, and, in contrast to the viral mem-
brane, the plasma membrane contains many other proteins.
These differences from viral membranes may be important
because the HA surface density has been shown to affect fusion
kinetics (3, 9, 12, 22), while curvature is an important param-
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eter considered in fusion models (10, 27), and the influence of
cellular membrane components has been demonstrated by the
effect of neuraminidase treatment on cell-cell fusion (15, 19,
25).

Using cell lines expressing HA, several observations have
indicated that the multiple HA trimers are required for fusion
and that the interaction between these trimers may be coop-
erative. Initially, using cell lines expressing HA, Ellens et al.
found that 4.4 times more liposomes fused with cells expressing
1.9 times more HA on their surface (15). Later, several differ-
ent cell lines, expressing HA at different surface densities, were
derived from these cells. It was found that they all induced
fusion with erythrocytes to the same extent but with different
kinetics (12). Fusion in this system is characterized by two
kinetic phases: a lag phase after the shift to low pH and a
fusion phase. It was found that cooperative interactions be-
tween HA trimers took place during the lag phase, but not
during fusion, and the number of HA trimers required for
fusion was estimated to be at least 3 (12). Using one of these
same cell lines, but a different experimental and theoretical
approach, others came to the conclusion that six trimers were
required for fusion (3) or that fusion was not cooperative at the
level of the principal rate-determining step, without excluding
possible cooperativity at another step (11).

Here we have investigated the cooperativity of HA-induced
fusion and the number of HA trimers minimally required for
fusion by analyzing the kinetics of fusion of reconstituted viral
membranes (virosomes) with erythrocyte ghosts. To this end,
the HAs of two different virus strains, one with optimal fusion
at pH 5.7 and the other at pH 5.1, both of the H3 subtype, were
coreconstituted into virosomes at various ratios, allowing the
activation of a defined number of HAs, at a constant total HA
concentration. The results indicate that as little as one HA
trimer may trigger fusion, and we do not find evidence for
cooperativity.
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MATERIALS AND METHODS

Materials. N-(Lissamine rhodamine B sulfonyl)phosphatidylethanolamine (V-
Rh-PE) and N-(7-nitro-2,1,3-benzoxadiazol-4-yl)phosphatidylethanolamine (N-
NBD-PE) were purchased from Avanti Polar Lipids (Birmingham, Ala.). Octa-
ethyleneglycol mono-(n-dodecyl) ether (C,,Eg) was obtained from Fluka (Buchs,
Switzerland), and 4-chloro-7-nitrofurazan was from Fluka (St. Quentin Fallavier,
France). BioBeads SM-2 were from Bio-Rad (Richmond, Calif.). Rhodamine
isothiocyanate and Sephadex G-75 were purchased from Sigma (St. Quentin
Fallavier, France).

Viruses. The X-47 recombinant strain as well as the A/Shangdong strain of
influenza virus (both of the H3 serotype) were propagated in the allantoic cavity
of embryonated eggs, purified, handled, and stored as described elsewhere (30).
Viral phospholipid phosphate was determined by phosphate analysis (5) after
extraction of membrane lipids as described by Folch et al. (16). Protein was
determined by the method of Peterson (23).

Preparation of erythrocyte ghosts. Resealed human erythrocyte ghosts were
prepared from erythrocyte concentrates obtained from the blood bank of the
Kantonsspital (Basel, Switzerland) (blood group A positive) by the method of
Steck and Kant (29) with modifications as described by Stegmann et al. (34).
Erythrocyte protein concentrations were determined as described above. Ghosts
(at a concentration of 1 mg of protein/ml) were stored in the presence of 0.02%
NaNj; at 4°C and used within 3 weeks.

Reconstitution of virus. Reconstitution of influenza virus (either X-47 or
A/Shangdong) was carried out as described by Stegmann et al. (35). A concen-
trated pellet of influenza virus (1 wmol of viral phospholipid) was solubilized in
0.7 ml of 75 mM C,,E;g in buffer (145 mM NaCl, 2.5 mM HEPES [pH 7.4]) for
30 min at 4°C. After removal of the ribonucleoprotein complex by centrifugation
at 160,000 X g for 30 min, the supernatant was added to a dried lipid film
composed of N-NBD-PE and N-Rh-PE and vortexed vigorously. After complete
dissolution, the mixture was added to washed BioBeads SM-2 (20 mg of dry
beads/70 pl) and shaken at 1,400 rpm in an Eppendorf shaker for 1 h at room
temperature. Subsequently, the suspension was added to fresh BioBeads (10
mg/70 pl) and shaking was continued for 10 min under the same conditions. The
suspension was loaded on top of a layer of 5% (wt/wt) sucrose in buffer as
described above. The centrifuge tube contained a cushion of 40% sucrose in the
same buffer. Centrifugation was performed for 90 min with a Beckmann TST
60.4 rotor at 160,000 X g and 4°C. Purified virosomes were collected from the
interface. Coreconstitutes containing HA from both X-47 and A/Shangdong in
different ratios in the same membrane were prepared in a similar manner. The
viruses were solubilized separately with C,,Eg, and different ratios of the HA-
containing supernatants were mixed before addition to N-NBD-PE and N-Rh-
PE, removal of detergent, and purification. The amount of N-NBD-PE and
N-Rh-PE in the dried lipid film corresponded to 0.8 mol% each of total phos-
pholipid in the reconstituted membrane.

Fluorescence labeling of HA. To label HA with NBD, whole virus (5 mg of
protein) was resuspended in 100 mM NaHCOj; buffer (500 wl), 25 ul of a
10-mg/ml solution of 4-chloro-7-nitrofurazan in dry dimethyl sulfoxide was added
stepwise, and the mixture was left to incubate for 41 h in the dark at 0°C with
agitation. To label HA with rhodamine, 25 ul of a 10-mg/ml solution of rhoda-
mine isothiocyanate was added stepwise to whole virus, resuspended in 100 mM
NaHCO; buffer (500 pl), and incubated for 8 h in the dark at 0°C with agitation.
After labeling, excess reactive probe was consumed by adding an aliquot of
Tris-HCI (100 mM, pH 8) and subsequently removed by gel filtration on a 10-ml
Sephadex G-75 column. Fluorescent virus was concentrated by ultracentrifuga-
tion, and the viral membranes were reconstituted as described above. Because
rhodamine isothiocyanate and 4-chloro-7-nitrofurazan are amine-reactive re-
agents, they potentially label viral amino lipids as well. Although we found it
difficult to analyze this with great precision, traces of rhodamine- but not NBD-
labeled lipids were seen on thin-layer chromatography plates, but more than 50%
of the virus-associated NBD label was found associated with viral membrane
proteins (results not shown) and most of the remainder was found associated
with viral nonmembrane proteins.

Fusion measurements. Fusion between labeled virosomes and unlabeled
erythrocyte ghosts was measured by resonance energy transfer (37). Fluores-
cence measurements were performed on a Schoeffel RRS 1000 fluorimeter at
excitation and emission wavelengths of 465 and 530 nm, respectively. A 515-nm
long-pass filter was placed between the cuvette and the emission monochroma-
tor. All measurements were carried out with continuous stirring in 2 ml of 135
mM NaCl-15 mM sodium citrate-10 mM morpholineethanesulfonic acid-5 mM
HEPES buffer at the pH and temperatures indicated. The initial rates of fusion
(percent fluorescence increase per minute) were calculated after calibration of
the fluorescence scale as described elsewhere (17).

Binding assays. To measure the binding of fluorescently labeled virosomes to
unlabeled ghosts, virosomes were incubated with ghosts at 0°C for 15 min and
then the mixture was centrifuged for 3 min at 16,000 X g. Under these circum-
stances, the ghosts and ghost-associated virosomes are pelleted whereas free
virosomes remain in the supernatants. After the addition of Triton X-100 to
pellets and supernatants, the fluorescence of N-NBD-PE was determined, and
the percentage of binding was calculated as follows: 100 X [Fpgjje — A (Fpener +
Fsupernatant) )/ (Fpetiet T Fsupernatand)- In this equation, A represents the fraction of
virosomes pelleted in the absence of ghosts and F stands for fluorescence.
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FIG. 1. pH dependencies of the initial rate of fusion of virosomes containing
X-47 HA (#), A/Shangdong HA (w), or a 1:1 mixture of both (A). Erythrocyte
ghosts were equilibrated in fusion buffer at the indicated pH for 3 min, at 37°C,
before the injection of N-NBD-PE- and N-Rh-PE-labeled virosomes into the
cuvette. Fusion was measured as described in Materials and Methods. Final
concentrations were 50 g of ghost protein per ml and 5 uM virosomes (phos-
pholipid phosphate). The results shown were obtained with the same batch of
ghosts and virosomes, and the fusion rates are representative of repeated exper-
iments, although the rates may vary between ghost preparations.

Initial Rate of Fusion (%/min)

RESULTS

Virosomes containing HA from either X-47 or A/Shangdong
virus have different pH dependencies of the initial rate of
fusion, can be coreconstituted into one membrane, and bind
target membranes to similar extents. In order to determine the
number of HA trimers required for fusion, and the cooperat-
ivity of their interactions, we intended to study the kinetics of
fusion as a function of the HA surface density in a well-defined
model system in which reconstituted viral envelopes (viro-
somes) fuse with a biological target membrane (erythrocyte
ghosts). In this system, the HA surface density is easily con-
trolled by the protein-to-lipid ratio of the mixture from which
the liposomes are prepared. Initial studies showed, however,
that under these conditions the kinetics of fusion were influ-
enced by the efficiency of virosome-target membrane binding
as mediated by HA-receptor interactions. We circumvented
this problem by using hybrid virosomes, prepared from two
strains of virus with different pH dependence such that at an
intermediate pH, the HAs of only one strain would be active,
while the others would not undergo a low pH-dependent con-
formational change. These hybrid virosomes would enable us
to manipulate the surface density of fusion-active HA, at a
constant protein-to-lipid ratio, so that HA-target membrane
binding would be independent of fusion-competent HA sur-
face density. To test the feasibility of this approach, virosomes
containing either A/Shangdong HA or X-47 HA alone were
first prepared. Virus was solubilized with the detergent C,,Eg,
and the viral ribonucleoprotein complex was pelleted by ultra-
centrifugation. The supernatant, containing the viral mem-
brane proteins and lipids, was added to a dry lipid film con-
taining the fluorescent probes N-NBD-PE and N-Rh-PE, and
the membranes were reconstituted by removal of the detergent
by BioBeads (6, 35). After purification of the resulting fluo-
rescently labeled virosomes on a sucrose gradient, fusion with
erythrocyte ghosts was measured by a resonance energy trans-
fer assay (37). The pH dependencies of the membrane fusion
rate induced by the HAs of A/Shangdong and X-47 virosomes
were found to be different (Fig. 1). Reconstituted X-47 HA has
optimal activity at pH 5.1 and a threshold pH for fusion of 5.5,
closely resembling the pH dependence of the native virus (32).
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FIG. 2. Resonance energy transfer from NBD-labeled X-47 to rhodamine-
labeled A/Shangdong HAs. Both HAs were reconstituted together, at a 1:1 ratio
(thin line), or the HAs were reconstituted separately and the resulting mem-
branes were mixed 1:1 after reconstitution (bold line). Data are for 10 nmol of
virosomes in 2 ml of buffer at pH 7.4, 0°C. HAs were labeled and reconstituted
as described in Materials and Methods.

A/Shangdong HA showed an optimum at pH 5.6 with a thresh-
old at pH 6.0. Therefore, at pH 5.7, A/Shangdong HA is fusion
competent while HA from X-47 is not active.

To demonstrate the coreconstitution of X-47 HA with
A/Shangdong HA in the same membrane, we labeled A/Shang-
dong HA with rhodamine and X-47 HA with NBD, as de-
scribed in Materials and Methods. Virosomes were then pro-
duced from either NBD-X-47 or rhodamine-A/Shangdong HA
alone or from a 1:1 mixture of both HAs. After excitation at
460 nm, the excitation wavelength of NBD, we found clear
evidence for resonance energy transfer from NBD-HA to rho-
damine-HA with the coreconstitutes but not with a 1:1 mixture
of virosomes containing only NBD-HA or rhodamine-HA (Fig.
2). These data indicate that after coreconstitution, the two
different types of HA were present in the same membrane. The
efficiency of energy transfer was calculated as described by
Struck et al. (37), from the fluorescence of NBD from viro-
somes containing both HAs before and after addition of de-
tergent to the sample. The observed efficiency, 0.31, is com-
patible with an NBD fluorophore concentration of around 0.2
mol% with respect to the membrane lipids (37). Given 100,000
lipids per virosome, this means that, on the average, an NBD-
carrying X-47 HA trimer is separated by 456 lipids from a
rhodamine-linked A-Shangdong HA as measured by reso-
nance energy transfer. Given that there are around 500 HA
trimers per virosome (35), or 1 X-47 HA per 400 lipids, these
data clearly indicate that HAs were reconstituted individually
in the membrane. Similar results were obtained at several
other ratios of the two types of HA.

In particular, HA present on the plasma membrane of cells
but also viral HA has been shown to reside partly in rafts,
specialized lipid domains that potentially contain multiple HA
proteins and are not soluble in some detergents at low tem-
peratures (26, 28). If the X-47 and A/Shangdong HAs were
present on rafts during reconstitution, we would not be able to
reconstitute individual HA trimers as desired. Since HA
present on rafts, in contrast to HA trimers individualized in
detergents, has been shown to be pelleted by 30 min of cen-
trifugation at 120,000 X g (18), we subjected the HA-contain-
ing supernatant used for reconstitution to such centrifugation.
Less than 1% of the HA was found to be pelleted, indicating
that HA is not present on rafts during reconstitution and that
we are reconstituting individual trimers. Moreover, complete
relief of energy transfer was obtained after detergent lysis of

J. VIROL.

hybrid virosomes containing both HAs (data not shown), show-
ing that during reconstitution, monomers of the two HAs are
not exchanged between trimers.

Subsequently, the pH dependence of coreconstitute fusion
was determined. The X-47 and A/Shangdong strains of virus
were solubilized with C,,Eg, and after ultracentrifugation the
HA-containing supernatants were mixed in the presence of the
two fluorescent phospholipid analogues, N-NBD-PE and N-
Rh-PE. After removal of C,,E4 and purification of the viro-
somes as described in Materials and Methods, fusion with
erythrocyte ghosts was measured as described above. The ini-
tial rates of fusion as a function of pH are shown in Fig. 1. The
profile shows that at the pH values at which X-47 is not active,
hybrid virosomes show a pronounced fusion activity which
closely follows the profile of A/Shangdong virosomes alone.
Moreover, below pH 5.4, A/Shangdong HA becomes inacti-
vated, but the fusion activity of hybrid virosomes remains.
Taken together, these data and those of Fig. 2 demonstrate
that the two types of HA are present in the same membrane
and that these HAs are active.

Coreconstitution of the two different HAs in the same mem-
brane at different ratios would allow the activation of the
fusogenic capacity of different concentrations of HA, while
keeping the total concentration of HA, and thus other prop-
erties, such as HA-receptor binding, constant. This hypothesis
was validated by determining binding of virosomes, containing
different ratios of X-47 to A/Shangdong HAs, to erythrocyte
ghosts at neutral pH. Under these conditions, binding is caused
solely by receptor-ligand interactions between the HA1 sub-
unit and sialic acid. After binding of virosomes, containing 0,
10, 20, or 100% HA from X-47 supplemented with A/Shang-
dong HA, to ghosts for 15 min at 0°C and pH 7.4, ghost-
associated virosomes were separated from free virosomes by
centrifugation, and the fluorescence of the ghost pellet was
determined. It was found that these different virosomes bound
to erythrocyte ghosts to the same extent (Fig. 3).

Low pH-induced inactivation of A/Shangdong HA does not
affect the fusion induced by HA from X-47 coreconstituted in
the same membrane. As a result of the low pH-induced con-
formational change, the fusion capacity of HAs of the H3
serotype is rapidly inactivated in the absence of target mem-
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FIG. 3. Binding of coreconstitutes containing different ratios of HA from
X-47 and A/Shangdong to ghosts at neutral pH. Ten nanomoles of fluorescently
labeled virosomes was incubated with ghosts (100 pg of protein) in 2 ml of buffer
at pH 7.4 and 0°C for 15 min, and then the mixture was centrifuged for 3 min at
16,000 X g. Binding was determined in duplicate measurements as described in
Materials and Methods. Error bars are *1 standard deviation. The results shown
are representative of repeated experiments and were obtained with the same
batch of ghosts and virosomes. The absolute amount of binding may vary be-
tween ghost preparations.
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FIG. 4. Effect of inactivation of HA from A/Shangdong at pH 5.6 on X-47-
mediated fusion at pH 5.1. Coreconstitutes containing HAs from both strains of
virus were prepared at a 9:1 or 1:9 (X-47-to-A/Shangdong) molar ratio as de-
scribed in Materials and Methods. Ten nanomoles of virosomes was preincu-
bated in a small volume of buffer at pH 5.6 in the absence of target membranes
for 15 min at 37°C. Subsequently, the rate of fusion was measured at pH 5.1 and
37°C (dark bars) and compared to the initial rate of the corresponding untreated
coreconstitutes measured under the same conditions (hatched bars).

branes (34). In order to investigate whether the conforma-
tional change induced in the A/Shangdong HA at its optimum
pH, 5.6, would trigger, or alternatively prevent, the conforma-
tional change in X-47 HA, virosomes containing either X47 or
A/Shangdong HA alone, or X-47 and A/Shangdong HAs in the
same membrane at a 1:9 or a 9:1 molar ratio, were prepared.
First, virosomes containing only one type of HA were incu-
bated at the absence of target membranes at pH 5.6, 37°C, for
15 min. Subsequently, these virosomes were added to erythro-
cyte ghosts and fusion was measured at the specific pH opti-
mum for fusion. HA from A/Shangdong did not show any
remaining fusion activity towards ghosts, indicating complete
inactivation under these conditions (data not shown). How-
ever, X-47 HA fusion activity was not affected. Different prep-
arations of virosomes containing both HAs (at a 1:9 or 9:1
molar ratio) in the same membrane were then preincubated
under the same conditions in order to inactivate A/Shangdong
HA. Subsequently, fusion with ghosts was measured at pH 5.1.
As shown in Fig. 4, the low-pH preincubation did not affect the
fusion kinetics of these virosomes (in comparison to that of
untreated virosomes). These data show that when one type of
HA undergoes a complete conformational change, this does
not induce a conformational change that leads to activation
and subsequent inactivation in the other type. Even if HA from
X-47 is surrounded by a large number of fusion-inactive HAs
(up to 90% in this case), it is not affected and keeps its full
fusion competence.

Effect of HA surface density on initial rate and lag time of
fusion. Using the coreconstitution procedure described above,
virosomes containing 0 to 100 mol% A/Shangdong HA, sup-
plemented with X-47 HA to 100 mol%, were prepared and the
initial rates (Fig. 5A) and final level (Fig. 5B) of fusion at pH
5.7, 37°C, were measured as described in Materials and Meth-
ods. These rates were obtained after injection of labeled viro-
somes into a cuvette containing a large excess of ghosts at low
pH. Since fusion (membrane merger) is always preceded by
binding of the two membranes, we validated that the actual
merging, and not binding, was rate limiting under these cir-
cumstances by comparing the fusion kinetics obtained by this
method with the fusion kinetics obtained after binding of vi-
rosomes (several different ratios of A/Shangdong to X-47 HA)
and ghosts at pH 7.4, 0°C, for 5 min prior to acidification. The
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FIG. 5. Effect of HA surface density on the initial rate and final level of
fusion at pH 5.7 and 37°C. Fusion of coreconstitutes containing different ratios
of A/Shangdong to X-47 HAs with ghosts was measured at pH 5.7 under con-
ditions described in the legend to Fig. 1. (A) Combination of results obtained in
several independent experiments (four preparations of ghosts and virosomes; 34
fusion measurements). Error bars are =1 standard deviation; where no error
bars are visible, they are smaller than the drawn data point. Reconstitutes
containing X-47 HA alone also caused a perceptible fluorescence increase at this
pH under these circumstances, at a rate of 0.2 to 0.3%/min. However, consid-
ering that this is less than one-third the fusion rate at the lowest concentration
of A/Shangdong (0.1 mol%) using the coreconstitutes, or less than one-fifth the
rate at the next lowest concentration (0.25 mol%), no corrections were made to
account for this residual X-47 activity. (B) Final levels of fusion.

measured fusion kinetics closely matched those reported in
Fig. 5A, indicating that under the conditions of this study,
membrane merger, and not virosome-ghost binding, is rate
limiting.

The initial rates of fusion increased with the concentration
of fusion-competent A/Shangdong HAs in the virosomal mem-
brane. The linear relationship between the rate of fusion and
the concentration of active HA indicates that the reaction is
first order with respect to active HA, which implies a lack of
cooperativity between HA trimers. Efficient fusion occurred at
a concentration of A/Shangdong HA as low as 0.1 mol%.
Assuming that there are about 500 HA trimers per virosome,
this concentration would correspond to an average of 0.5 fu-
sion-competent trimer per virosome.

Lag times preceding fusion were determined at pH 5.7 and
15°C. At this temperature, the time interval between exposure
to low pH and the onset of fusion is increased relative to those
at 37°C (36), making the measurement of lag times more reli-
able. As shown in Fig. 6A, the lag time increased with decreas-



2718 GUNTHER-AUSBORN ET AL.

N w A [4)]
o o o o
L L L

Lag Time (min)

-
o
L

o

T T

0] 50 100
HA Surface Density (mol% A-Shangdong)

0.25

B

o
N

o
-
8]

o

Q

a
s

1/Lag Time (1/min)
o

. R?=0.9758

T T T T T

0 20 40 60 80 100
HA Surface Density (mol% A-Shangdong)

(=]

04
0.2
0 .
0.2
0.4 -
-0.6 1
-0.8 A
-1 : :
2.75 3.25 3.75
Log [HA]

FIG. 6. Effect of HA surface density on the lag phase at pH 5.7 and 15°C.
Coreconstitutes containing increasing numbers of fusion-active HA were prein-
cubated for 15 min with erythrocyte ghosts on ice at neutral pH and injected into
a cuvette at pH 5.7 and 15°C, and the fluorescence increase was monitored. The
lag time was determined as the time between the onset of fusion and the maximal
increase in fluorescence (defined as tangent to the curve, where fusion rate is
maximal) (as outlined in references 1, 21, and 31). Final concentrations were 50
ng of ghost protein/ml and 5 wM virosomes (phospholipid phosphate). (A) Lag
time versus moles percent A/Shangdong. Error bars are *1 standard deviation.
(B) 1/lag time versus moles percent A/Shangdong. (C) Hill-like plot according to
Danieli et al. (12). The data from Fig. 6A were transformed as follows. A 1/lag
value at saturation was first determined from the three highest data points by
plotting 1/lag versus 1/HA density (expressed as trimers per square micrometer)
and extrapolating to infinite HA density. The other 1/lag values were then
divided by this value, yielding L. Log [L/(1 — L)] was then plotted against log
[HA]. As the observed lag at the highest data point (100% Shangdong) was
slightly (1.5%) longer than the extrapolated lag at saturation, a real value of log
[L/(1 — L)] could not be obtained for this point.

y = 1.0762x - 3.9721 c
R? = 0.9986

log [L/(1-L)]
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ing concentrations of fusion-competent A/Shangdong HA.
Since the lag time is generally thought to represent a process
that must be finished either completely or to a defined extent
before the membrane merger takes place, these data were
further analyzed by plotting the reciprocal lag time versus the
active HA concentration (Fig. 6B). A linear relationship was
obtained, in contrast to the sigmoidal relationship between
these two parameters that was found by Danieli et al. (12). Our
data suggest that there also is no cooperative interaction be-
tween HA trimers at the level of the lag phase.

DISCUSSION

Following suggestions that influenza virus fusion may be
initiated by a fusion complex made of several HA trimers and
may thus depend on cooperative interactions between these
trimers (2, 4, 13, 36, 39), several groups have addressed this
question by using HA expressed on the plasma membrane of
cells. Either different cell lines expressing a range of HA con-
centrations (12, 14) or cell lines treated with reagents that
allowed the activation of a fraction of the HA were used (11).
Fusion of these cells with liposomes, erythrocytes, or erythro-
cyte ghosts was studied, and the extent or initial rate of fusion
or the lag time before the onset of fusion was measured. Cells
expressing HA differ from the viral membrane in several im-
portant respects such as HA surface density, membrane cur-
vature, and the presence of proteins other than HA on the
cellular membrane. To circumvent these problems, we have
taken a different approach. Solubilization of influenza virus
with the nonionic detergent C,,Eg, followed by removal of the
detergent using BioBeads, yields reconstituted viral mem-
branes (virosomes) which have essentially the same size (and
therefore membrane curvature) and membrane composition as
the native virus, an HA surface density which is in the same
range as that of the virus, and the same characteristics (such as
pH dependence) of fusion as the virus (7, 35). We used this
protocol to functionally coreconstitute in the same membrane
HAs from two different strains of virus, X-47 and A/Shang-
dong, which have different fusion rate pH dependencies, al-
lowing the selective activation of A/Shangdong HA, while X-47
HA remains in its neutral pH form. Thus, the HA-to-lipid ratio
at different X-47-to-A/Shangdong HA ratios remained con-
stant, and properties like target membrane binding (Fig. 3)
were identical for all virosome preparations. Fusion experi-
ments carried out before and after inactivation of A/Shang-
dong HA at pH 5.7 revealed that X-47 HA, even in the pres-
ence of a large number of inactivated HAs, remains in its active
form and becomes fully fusion competent only upon acidifica-
tion to the appropriate pH (Fig. 4). Several mechanisms have
been suggested for HA inactivation, for example, insertion of
the fusion peptide into the viral instead of the target mem-
brane, making it permanently unavailable for fusion; there is
some evidence for this from photolabeling experiments (38). It
was also suggested, on the basis of the disorderly arrangement
of HA spikes seen by electron microscopy, that lateral aggre-
gation of HA trimers (potentially involving the exposed fusion
peptides) could inactivate HA (33). Our present observation
that the occurrence of the conformational change in one type
of HA, as assessed by fusion inactivation, does not affect the
ability of the other type of HA in the same membrane to
independently undergo the conformational change, implies
that the measured rates (Fig. 5A) and lag times (Fig. 6) of
fusion with different ratios of the two types of HA at a constant
total HA/lipid ratio are indeed exclusively dependent on the
surface density of fusion-competent HA. We can therefore
conclude that, at the HA surface density and membrane cur-
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vature typical of virus, since both the initial rate of fusion and
the reciprocal lag time are linearly dependent on the surface
density of fusion-competent HA, there appears to be no evi-
dence for a cooperative interaction between HA trimers.

Our results concerning the initial rate of fusion seem to
corroborate the similar conclusions based on experiments in-
volving a number of different cell lines, expressing HA at
densities of up to 79% of that of the viral membrane (12). In
these studies, the initial rate of fusion exhibited a Michaelis-
Menten type of dependence on the HA concentration, which
differs from the data shown here in the sense that a saturation
of the fusion kinetics was observed at an HA trimer concen-
tration above 3.5 X 10°/um?, whereas we did not see satura-
tion. Assuming that there are 500 HA trimers per virion (20),
and that virus particles are 100 nm in diameter, the HA density
used here would be 16 X 10° HA trimers/wm?. We have pre-
viously found that, after C,,E4 reconstitution, the HA/lipid
ratio in the reconstitute is identical to that of the viral mem-
brane but trimers are present on both sides of the membrane
(35). But, even if this is taken into account, the range of
densities that Danieli et al. (12) investigated is quite compa-
rable to ours. As suggested by Danieli et al. (12), saturation
may thus reflect inherent limitations of the cell-cell fusion
assay such as arriving at a saturation density of the number of
fusion pores in the area of cell-cell contact or the rate of
fluorescent lipid migration into the membrane of the HA-
expressing cell. Our studies do not allow us to completely
exclude an influence of the HA subtype; the HAs of A/Shang-
dong and X-47 are of the H3 subtype, whereas the HA used by
Danieli et al. is of the H2 subtype, but we think it is unlikely
that such basic properties of the fusion mechanism would be
different between subtypes.

A lack of cooperativity is supported by the observed efficient
triggering of fusion by A/Shangdong HA present at a concen-
tration of 0.1 mol% (Fig. 5SA). Assuming 500 HA trimers per
virosome, two-thirds of which are on the outside, a Poisson
distribution of trimers among the virosomes, and that every
single A/Shangdong trimer is activated at the pH of the exper-
iment, 23.7% would have just one A/Shangdong trimer or
28.3% of these virosomes would have one or more active HA
trimers. The final level of fluorescence increase obtained with
this preparation was about 9.6% after 30 min (Fig. 5B). Al-
though the threshold pH of X-47-induced fusion is mostly
reported to be around pH 5.5, under the conditions of the
experiment (large excess of target membranes), virosomes con-
taining only X-47 HA (0 mol% A/Shangdong) also gave rise to
some fluorescence increase, albeit slowly, reaching 2.8% after
30 min. Therefore, 6.8% fusion can be ascribed to the 28.3% of
virosomes that contain one or more A/Shangdong trimers on
the external leaflet of the membrane, indicating that one in
four of these virosomes is fusion active at these extremely low
surface densities of A/Shangdong HA. This is a very significant
fraction considering that at high HA densities one in two
virosomes fuse (Fig. 5B). Again assuming a Poisson distribu-
tion, at 0.1 mol% A/Shangdong HA, 3.9% of the virosomes
would have two trimers on the outside and only 0.43% would
have three. Although we cannot rigorously exclude the possi-
bility that a small fraction of the virosomes contains all of the
fusion-active HA, at the next-lowest concentration of A/Shang-
dong tested, 0.25 mol%, which corresponds to 56.3% having
one or more trimers on the outside of every virosome, fusion
already reached 20% (Fig. 5B), i.e., one in three virosomes
were active. This result argues in favor of a homogeneous,
random distribution of fusion-competent trimers among the
virosomes, even at low surface densities. Therefore, our
present observations of significant fusion in the case where
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28.3% of the virosomes have one or more trimers on the
outside support the notion that a single trimer suffices to in-
duce fusion.

Fusion of influenza virus with cells or liposomes, or fusion of
HA-expressing cells with cells, is preceded by a lag phase,
which depends on temperature and pH, resulting in a sigmoi-
dal appearance of the progress of fusion in time (11, 12, 21, 22,
24, 25, 36). Generally, such a sigmoidal curve is interpreted to
mean that one or more processes have to be completed, or
must progress to a certain point, before fusion can take place.
For influenza-virus induced fusion, it is clear that the lag oc-
curs largely after the low pH-induced conformational change
in HA (36); however, the exact processes taking place during
the lag phase have never been resolved. In light of the view that
fusion requires the formation of a fusion complex involving
multiple HA trimers, it has frequently been suggested that the
lag time would correspond to the time needed to assemble the
complex, a process which might be cooperative or not.

Since the nature of the lag time is unclear, and kinetic data
on the changes that might take place during this period are
lacking, the method of analysis of lag time data is not obvious.
If it represents the end point of a reaction, its rate is probably
most reasonably approximated by 1 divided by lag time, which
would imply a first-order dependence of the lag on HA con-
centration and, therefore, no cooperativity. We have used this
analysis (Fig. 6B), and it appears to adequately describe our
data. Others have suggested that the data be analyzed by plot-
ting log (1/lag) against log (concentration of active trimers)
and argued that if the slope of this were 1, it would mean that
aggregation of HA trimers to form a fusion complex would not
be cooperative, without precluding cooperativity at other levels
(11). If we apply this type of analysis to our data, we find a
reasonably straight line (* = 0.996) but with a slope of 0.68.
However, others have presented lag time data in the form of a
Hill plot (12), necessitating several assumptions and adapta-
tions, since Hill plots were developed for receptor-ligand bind-
ing. If we apply this type of analysis, in the form suggested by
Danieli et al. (12), assuming as they did that 100% active HA
corresponds to saturation, we obtain a Hill constant of 1.07
(Fig. 6C) (r* = 0.999), in agreement with the linear relation-
ship between the reciprocal lag time and HA surface density
shown in Fig. 6B, thus arguing in favor of the involvement of
individual, instead of multiple, HA trimers. Therefore, we con-
clude that our present results, taken together, do not provide
evidence for a cooperative interaction between trimers in
membrane fusion mediated by the influenza virus HA.
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