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Reconstituted influenza virus envelopes were obtained following solubilization of intact virions with Triton
X-100. Quantitative determination revealed that the hemolytic and fusogenic activities of the envelopes
prepared by the present method were close or identical to those expressed by intact virions. Hemolysis as well
as virus-membrane fusion occurred only at low pH values, while both activities were negligible at neutral pH
values. Fusion of intact virions as well as reconstituted envelopes with erythrocyte membranes-and also with
liposomes-was determined by the use of fluorescently labeled viral envelopes and fluorescence dequenching
measurements. Fusion with liposomes did not require the presence of specific virus receptors, namely
sialoglycolipids. Under hypotonic conditions, influenza virions or their reconstituted envelopes were able to fuse
with erythrocyte membranes from which virus receptors had been removed by treatment with neuraminidase
and pronase. Inactivated intact virions or reconstituted envelopes, namely, envelopes treated with
hydroxylamine or glutaraldehyde or incubated at low pH or 85°C, neither caused hemolysis nor possessed
fusogenic activity. Fluorescence dequenching measurements showed that only fusion with liposomes composed
of neutral phospholipids and containing cholesterol reflected the viral fusogenic activity needed for infection.

Reconstituted envelopes of animal virions are a conve-
nient tool for studying the relationships between the struc-
ture of the viral envelope glycoproteins and their biological
function (19). Indeed, reconstituted Sendai virus envelopes
(RSVE) have been shown to be as fusogenic as intact virus
particles and to be able to effectively fuse with biological
membranes as well as with phospholipid vesicles (4, 19). The
availability of fusogenic Sendai virus envelopes made it
possible to demonstrate that, in addition to the viral fusion
(F) glycoprotein, the viral binding protein, namely, the
hemagglutinin-neuraminidase (HN) glycoprotein, actively
participates in the virus-membrane fusion process (8). Re-
constituted viral envelopes bearing only the F glycoprotein
failed to fuse with liposomes or biological membranes even
when the binding of the viral envelopes was mediated by a
nonviral binding protein (4, 8). These studies have clearly
demonstrated that virus-membrane fusion can be promoted
by viral glycoproteins possessing a certain three-dimensional
structure which is preserved only in envelopes possessing
both the HN and F glycoproteins (5). RSVE have been also
used as efficient biological carriers. Viral envelopes loaded
with either polypeptides or polynucleotides have been
shown to be able to fuse with the plasma membranes of cells
and consequently to microinject their contents into the
cytoplasm of the recipient cells (19).

Influenza virions resemble Sendai virus particles in their
morphology, capability to specifically interact with sialic
acid residues of membrane components, and ability to fuse
with biological membranes (30). However, while Sendai
virions fuse at neutral pHs, fusion of influenza virions occurs
at low pHs and is promoted by the viral envelope HA
glycoprotein (30). From previous studies, it appears that the
binding of influenza virions to membrane receptors is medi-
ated by the viral HA1 polypeptide, while fusion is promoted
by the viral HA2 polypeptide, both of which are connected
by disulfide bonds (30). The neuraminidase activity of this
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virus particle is localized on a separate polypeptide desig-
nated as the neuraminidase (NA) glycoprotein (30).

It is still not clear whether virus-membrane fusion is
promoted only by the HA2 polypeptide or whether the HA1
polypeptide also participates in the fusion step itself. Fur-
thermore, it is still disputable whether the NA glycoprotein
is also required for virus-membrane fusion (13). Evidently,
fusogenic reconstituted influenza virus envelopes (RIVE)
should be of invaluable importance for the elucidation of the
detailed mechanism of virus-membrane fusion and may open
the possibility of using such envelopes as biological carriers.
RIVE have been previously obtained following solubiliza-

tion of intact virions with octylglucoside (14). Based on
virus-induced hemolysis measurments and electron-micro-
scopic observations, it appeared that the envelopes obtained
possessed some, although low, fusogenic activity (14). In our
laboratory, we used Triton X-100 to solubilize intact Sendai
virions. The reconstituted envelopes obtained following re-
moval of the detergent were found to be as fusogenic as
intact virions (27).

In the present study, a rapid and efficient method for the
preparation of highly fusogenic influenza virus envelopes is
described; it uses Triton X-100 as a detergent and, essen-
tially, the method used for the preparation of Sendai virus
envelopes (27). The fusogenic activity of the reconstituted
envelopes obtained was identical to that of intact virus
particles, as demonstrated by the use of fluorescence
dequenching measurements (3, 10). Using fluorescently la-
beled intact virions and RIVE, we also showed here that
both viral preparations were able to fuse with virus-receptor-
depleted liposomes or, under hypotonic conditions, with
erythrocyte membranes from which virus receptors had
been removed by treatment with neuraminidase and
pronase.

MATERIALS AND METHODS
Chemicals. Triton X-100 (scintillation grade) was obtained

from Koch Light Laboratory Ltd. Neuraminidase (Vibro
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cholera) was obtained from Boehringwerke. Octadecyl-
rhodamine B, chloride (R18) was obtained from Molecular
Probes. Pronase (Streptomyces griseus, type XIV), trypsin
(bovine pancrease, type III), phosphatidylcholine (PC) (type
V-E), cholesterol (chol), gangliosides (gang) (bovine brain,
type II), and octylglucoside were obtained from Sigma
Chemical Co. SM-2 Bio-beads (20/50 mesh) were obtained
from Bio-Rad Laboratories.

Virus. Influenza virus (A/PR/8 strain) was isolated from
the allantoic fluid of fertilized chicken eggs (15). Influenza A
virus, possessing uncleaved HA (HAO) (N virus H1ON7),
was a generous gift from R. Rott, Institute of Virology,
Giessen, West Germany. Trypsinization of the HAo virus
was performed by incubating 200 jig of virus with 3 ,ug of
trypsin in a final volume of 200 R1I of phosphate-buffered
saline (PBS) (pH 7.4) for 20 min at 37°C essentially as
described before (15). Viral hemagglutinating units and he-
molytic activity were determined essentially as described
previously (12). If not otherwise stated, strain A/PR/8 was
used.

Preparation of RIVE. RIVE were obtained essentially as
described before for the preparation of RSVE (27). Briefly,
10 mg of intact, pelleted influenza virions was solubilized
with 20 mg of Triton X-100 in a final volume of 400 [L1 of PBS
(pH 7.4). The detergent was removed from the clear super-
natant obtained after centrifugation by the direct addition of
SM-2 Bio-beads (27). The turbid suspension obtained was
centrifuged, and the pellet containing RIVE was suspended
in PBS (pH 7.4) to yield about 1.5 mg of protein per ml.

Cells. Human blood (type 0, Rh'), recently outdated, was
washed three times in PBS (pH 7.4), and the final pellet
obtained was suspended in PBS to 40% (vol/vol). The
washed erythrocytes were desialized by treatment with
neuraminidase as described before (22). Human erythrocyte
ghosts (HEG) were obtained following hemolysis of the
human erythrocytes with 40 volumes of 5 mM phosphate
buffer (pH 8.0) (7). After three washings with the same
buffer, the final pellet of white HEG was suspended in PBS
(pH 7.4) to yield 4 mg of protein per ml.

Preparation of ROV. Sealed human erythrocyte right-side-
out membrane vesicles (ROV) were prepared from freshly
drawn human blood and treated either with neuraminidase or
with neuraminidase and pronase exactly as described before
(4).

Preparation of fluorescently labeled intact influenza virions
and RIVE. Intact virions, HAo virus, and RIVE were labeled
with R18 essentially as described before for Sendai virus (3,
10). Briefly 2 to 3 ,ul of a 2.5-mg/ml ethanolic solution of R18
was rapidly injected into 250 ,u1 of PBS (pH 7.4) containing
1.5 mg of viral protein. After 15 min of incubation at room
temperature in the dark, the viral preparations were washed
with 60 volumes of PBS (Eppendorf centrifuge, 15 min).
Under such conditions, R18 was inserted into the viral
membranes at a self-quenching surface density (about 3
mol% of total viral phospholipids), and its decrease was
shown to be proportional to the fluorescence dequenching.

Preparation of liposomes. Large, unilamellar vesicles of
the following compositions (PC; PC-chol, 1:0.5 [mol/mol];
and PC-chol-gang, 1:0.5:0.3 [mol/mol]) were prepared by
removal of the detergent from the octylglucoside solutions of
the appropriate lipids (detergent-lipid, 10:1 [mol/mol]) as
described before (4).

Fluorescence measurements. Fluorescent intact influenza
virions or RIVE (5 ,ug of each) were incubated with HEG,
ROV, or liposomes in a final volume of 200 ,ul of PBS (pH
7.4). Following 10 min of incubation at 4°C, the pH of the

medium was adjusted to the desired pH by the addition of 50
jil of sodium acetate (0.5 M), and the suspension obtained
was then incubated at 37°C. At the end of the incubation
period, a 1-ml volume of PBS (pH 7.4) was added to the
reaction mixture, and the degree of fluorescence (excitation
at 560 nm, emission at 590 nm) of each sample was estimated
before and after solubilization with 0.1% Triton X-100. The
extent of fluorescence obtained in the presence of the
detergent was considered to represent 100% dequenching,
i.e., infinite dilution of the probe (3, 10). All fluorescence
measurements were carried out with a Perkin-Elmer MPF-4
spectrofluorometer. Viral preparations were also incubated
under the same experimental conditions in the absence of
recipient membranes.
The percentage of fluorescence dequenching was calcu-

lated from the following equation (1, 2): percent of fluores-
cence dequenching = {[F - (F, * I)]I[F, - (F, )]} x 100,
where F is the fluorescence obtained from the virus-
membrane reaction mixture at the end of the incubation
period, F, is the fluorescence obtained from the same sam-
ples after solubilization with Triton X-100, and I is the
fluorescence intensity of the fluorescent RIVE before incu-
bation with the cells (zero time of incubation) divided by the
fluorescence intensity of the fluorescent RIVE after solubi-
lization with Triton X-100.

RESULTS

Structure and hemolytic activity of RIVE. The gel electro-
phoresis pattern seen in Fig. IA shows that the RIVE
obtained, as described in Material and Methods, contained
only the viral envelope glycoproteins, namely, the NA, HA1,
and HA2 polypeptides. This is especially clear when the
polypeptide pattern of the intact virus (lanes a and d, under
reducing and nonreducing conditions, respectively) is com-
pared with that of the viral envelopes (lanes b and c).
Incubation of influenza virions with Triton X-100 resulted in
solubilization of only the viral glycoproteins, while the viral
M and NP proteins remained insoluble and, therefore, were
absent from the viral envelopes. Observations by electron
microscopy (Fig. 1B and 1C) revealed that the envelopes
obtained resembled in their size and appearance the enve-
lopes of intact virions. In many of the reconstituted enve-
lopes, a high density of spikes (Fig. 1C, arrows) was clearly
visualized on their surfaces.

It appears that during the reconstitution process some of
the viral envelope phospholipids were absorbed by the
Bio-beads used to remove the Triton X-100 from the system.
The lipid/protein (wt/wt) ratio in the reconstituted envelopes
was about twofold lower than that found in the intact virions
(Table 1). Since the viral M and NP proteins were missing
from the reconstituted envelopes, it was expected that the
lipid/protein ratio in such viral envelopes would be higher
than that observed in the intact virions. However (Table 1),
the addition of external lipids, up to a certain degree, did not
have a significant effect on the viral hemolytic activity.
Almost the same neuraminidase and hemolytic activities
were obtained by the use of envelopes with lipid/protein
ratios of 0.1 to 0.7. In the presence of relatively high
amounts of external lipids (2,000 jig of phospholipid per
system), almost complete inhibition of the hemolytic activ-
ity, without a change in the neuraminidase activity, was
observed (Table 1).
The hemolytic activity of the RIVE was slightly higher

than that of the intact virions (Fig. 2A) and was manifested
only at low pH values, namely, pH 5.0 to 5.5 (Fig. 2B).
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FIG. 1. Gel electrophoresis pattern and electron-microscopic observations of RIVE. Influenza virions were solubilized with Triton X-100,
and empty envelopes were reconstituted following removal of Triton X-100 by the direct addition of SM-2 Bio-beads as described in Materials
and Methods. (A) Intact influenza virions (lanes a and d) or RIVE (lanes b and c), 80 ,ug of protein each, were electrophoresed by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (15% acrylamide) as described by Laemmli (16). In lanes c and d, the pattern of
nonreduced viral glycoproteins can be seen, since P-mercaptoethanol was omitted from the solubilizing buffer (16). (B and C) RIVE were
negatively stained and prepared for electron-microscopic observations as described before (27). Magnifications, x 16,500 in panel B and
x42,000 in panel C.

Practically no hemolysis was induced by RIVE or intact
virions at pH values above 6.0 (Fig. 2B), indicating that it
was induced by the activity of the viral envelope glyco-
proteins and not by the residual amount of Triton X-100 left
in the RIVE preparations.

Fusion of intact influenza virions or RIVE with human
erythrocyte membranes. The results in Figure 3 show that
incubation of fluorescently labeled RIVE or intact influenza
virions with HEG resulted in fluorescence dequenching. The
extent of the fluorescence dequenching was dependent on

TABLE 1. Characterization and hemolytic activity of RIVE'

Hemolysis
Lipid ipidlpoteinNeuraminidase (% of total)

System Lipid Lip)ratid/pro(tei)n activity (mU/mg at pH:Sytm added (jig) ratio (wtlwt) of viral protein)
7.4 5.0

Intact vinrons 0 0.25 150 3 50
RIVE 0 0.1 125 5 67
RIVE 400 0.6 110 7 75
RIVE 800 0.7 122 6 73
RIVE 2,000 0.85 112 5 12

a RIVE were prepared exactly as described in Materials and Methods.
Phospholipids (PC-chol, 1:0.5 [mol/mol]; 2 mg/ml in 4% Triton X-100) at the
amounts indicated were added to the detergent-solubilized virus envelopes.
Triton X-100 was removed from the above-described mixture as described in
Materials and Methodsi keeping the ratio between the sm-2 Bio-beads added
and the detergent at 1:7 (wt/wt). The hemolytic activity of the various viral
preparations was estimated as described in Materials and Methods. The
amount of Triton X-100 left in the RIVE was found to be 0.035% (wt/vol) by
use of 3H-Triton X-100. For viral neuraminidase activity, 1 U of enzyme is the
amount of enzyme which hydrolyzes 1 ,umol of N-acetylneuramin lactose to
N-acetylneuraminic acid in 1 min at 37°C, and the activity determined exactly
as described before (17).

the amount of the erythrocyte membranes present (Fig. 3A)
as well as on the pH of the incubation mediumn (Fig. 3B). As
for the viral hemolytic activity, the increase in the degree of
fluorescence was also observed only at low pH values (Fig.
3A and B). The change in the degree of fluorescence ob-
served following incubation of fluorescently labeled RIVE
with HEG was almost identical to that obtained with intact
influenza virions. It has been well established that under the
conditions used, the increase in fluorescence reflects the
process of virus-membrane fusion (3, 10). It appears, there-
fore, that the fusogenic activity of the RIVE is very similar
to that expressed by intact virions.
The increase in the degree of fluorescence observed at pH

5.0 was highly dependent upon the incubation temperature,
reaching a maximum at 37°C (data not shown). A much
lower effect of the incubation temperature was noted upon
incubation of RIVE with HEG at pH 7.4 or incubation of
HAo with HEG at pH 5.0 and pH 7.4.

Preincubation of influenza virions at 55°C and higher
caused inactivation of the viral hemolytic activity (Fig. 4A)
as well as of the ability of the viruses to undergo fluores-
cence dequenching (Fig. 4B). The effect of the preincubation
temperature on the viraL hemolytic activity was almost
identical to its effect on the ability of the viruses to undergo
fluorescence dequenching.
The results in Table 2 show that a very low degree of

hemolysis as well as of fluorescence dequenching was ob-
served upon incubation of intact virions or RIVE with
neuraminidase-treated HEG. These results clearly show that
as for virus-induced hemolysis, induction of fluorescence
dequenching also was mediated by virus receptors, i.e.,
membrane sialoglycolipids and sialoglycoproteins. A very
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FIG. 2. Hemolytic activity of RIVE as compared with that of intact virions. (A) Intact virions (O and 0) or RIVE (A and A) at the
indicated amounts were incubated for 10 min at 4°C with human erythrocytes (1% [vol/vol]) in a final volume of 2 ml of PBS (pH 7.4). At the
end of the incubation period, 500 ,jl of sodium acetate (0.5 M), adjusted to pH 7.4 (O and A) or pH 5.0 (O and A), was added, and the
suspension obtained was incubated for 10 min at 37°C. At the end of the incubation period, hemolysis was determined at 540 nm as described
in Materials and Methods. (B) Intact virions (0) or RIVE (A) (10 ,ug of protein each) were incubated with human erythrocytes as described
for panel A. At the end of the incubation period (at 4°C), the pH of the medium was adjusted by the addition of 500 ,ul of sodium acetate (0.5
M) to the indicated pH value. Following 10 min of incubation at 37°C, hemolysis was determined as described in Materials and Methods.

low increase in the degree of fluorescence was also observed
upon incubation with glutaraldehyde-treated HEG (Table 2).
Treatment with glutaraldehyde has been shown to block
virus-membrane fusion but not lipid-lipid exchange pro-
cesses (20). It should be emphasized that such treated HEG
were still able to bind influenza virions and to be agglutinated
by them (data not shown). Thus, only 10 to 13% of the extent
of the fluorescence dequenching observed may be due to a

process of lipid-lipid exchange. The possibility that, under
the conditions used, glutaraldehyde did not completely block
the ability of the erthrocyte membranes to undergo fusion
processes cannot be excluded.
Treatment of influenza viruses with hydroxylamine (25) or

incubation of influenza viruses in a low-pH medium (24) has
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been shown to block the viral hemolytic and fusogenic
activities. Indeed, the results in Table 3 show that such
treated virions or treated RIVE were nonhemolytic. Also,
virions or RIVE treated with glutaraldehyde or heated at
85°C were nonhemolytic (Table 3). A relatively low degree of
fluorescence dequenching was observed upon incubation of
fluorescently labeled, treated virions or RIVE with HEG
(Table 3). This low degree of fluorescence dequenching may
be attributable to a process of lipid-lipid exchange or to a
residual fusogenic activity remaining in the treated viral
preparations. It should be noted that the extent of fluores-
cence dequenching observed following incubation of un-
treated hemolytic influenza virions or RIVE at pH 7.4 was

very close to that observed with treated virions at pH 5.0

55 6.0 6.5 7.0 7.5

pH
FIG. 3. Interaction of fluorescently labeled intact virions or RIVE with HEG. Labeling of intact virions or RIVE with R18 and preparation

of HEG were as described in Materials and Methods. (A) Intact influenza virions (O and 0) or RIVE (A and A) (5 ,ug of viral protein each)
were incubated with the indicated amounts of HEG suspended in a final volume of 200 pu1 of PBS (pH 7.4) for 10 min at 4°C. At the end of
the incubation period, the pH of the medium was either retained at 7.4 (0 and A) or adjusted to 5.0 (O and A) by the addition of 50 of
sodium acetate (0.5 M) as described in the legend to Fig. 2. Following 30 min of incubation at 37°C, the extent of fluorescence dequenching
(DQ) was monitored as described in Materials and Methods. (B) Intact virions (0) or RIVE (A) (5 ,ug of viral protein each) were incubated
with 200 p.g of HEG. The pH of the incubation medium was adjusted to the indicated pH values by the addition of 50 pul of 0.5 M sodium
acetate. After 30 min of incubation at 37°C, the extent of fluorescence dequenching was estimated as described in Materials and Methods.
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(Tables 2 and 3). It is also likely that this low degree of
fluorescence dequenching may be due to a low degree of
lipid-lipid exchange.

Ability of influenza virions and RIVE to fuse with liposomes
or erythrocyte membranes lacking virus receptors. The re-

sults in Table 4 show that incubation of fluorescently labeled
influenza virions at pH 5.0 with liposomes composed of
PC-chol and bearing virus receptors, namely, sialoglyco-
lipids (gang), resulted in a relatively high degree of fluores-
cence dequenching. The extent of fluorescence dequenching
(36%) obtained following incubation with PC-chol-gang lip-
osomes was only slightly lower than that observed under
optimal conditions with human erythrocyte membranes (Ta-
bles 2 and 3). A relatively high degree of fluorescence
dequenching (29%) was also observed following incubation
at pH 5.0 with liposomes composed of PC-chol and lacking
sialoglycolipids (Table 4). On the other hand, a relatively low
degrees of fluorescence dequenching (9%) was obtained
upon incubation with liposomes composed of only PC,
indicating a requirement for chol to allow virus-liposomes
fusion. A low degree of fluorescence dequenching was

observed when influenza virions or RIVE were incubated
with the above-described liposomes at pH 7.4 (Table 4).

0
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Virus incubation temp. (CC)

FIG. 4. Heat inactivation of the viral hemolytic and fusogenic
activities. Intact virions (O and *) or RIVE (A and A) (150 ,ug of
protein suspended in 100 ,ul of PBS [pH 7.4]) were labeled with R18
as described in Materials and Methods and then incubated at the
indicated temperatures for 30 min with gentle shaking. At the end of
the incubation period, 5 ,ug of the treated viral preparations was

incubated with human erythrocytes (1% [vol/vol]) (A) or HEG (B) at
pH 7.4 (0 and A) or pH 5.0 (O and A). Estimation of the degree of
hemolysis (A) and extent of fluorescence dequenching (DQ) (B)
together with all other experimental conditions were as described in
the legends to Fig. 2 and 3 and in Materials and Methods.

TABLE 2. Interaction of fluorescently labeled intact influenza
virions and RIVE with neuraminidase- and glutaraldehyde-treated

human erythrocytes"

Treatment of % Hemolysis % Fluoresence
human dequenching with:

erythrocytes or pH ________ eunhn ih
HEG pH

Intact RIVE Intact RIVEHEG ~~~~~~virions RIE virions RV

None 7.4 8 6 10 9
5.0 95 97 45 42

Neuraminidase 7.4 5 3 5 4
5.0 9 8 14 13

Glutaraldehyde 7.4 NDb ND 6 5
5.0 ND ND 13 12

aIntact human erythrocytes or HEG were treated with neuraminidase or
glutaraldehyde (0.1% for 30 min at 37'C) as described in Materials and
Methods and before (2). For induction of hemolysis, fluorescently labeled
intact virions or RIVE (5 p.g of each) were incubated with untreated or
neuraminidase-treated human erythrocytes (1% [vol/voll in 2 ml of PBS [pH
7.4]) for 10 min at pH 7.4 and then, following adjustment of the pH to 5.0, for
10 min at 37C as described in Materials and Methods and in the legend to Fig.
2. The extent of fluorescence dequenching was monitored following incuba-
tion of 5 ,ug of the viral preparations with 200 ,ug of untreated or treated HEG
for 10 min at 4°C and pH 7.4 and then for 30 min at 37'C and either pH 5.0 or
pH 7.4. All other experimental conditions and estimation of the extent of
fluorescence dequenching were as described in Materials and Methods and in
the legend to Fig. 3.

b ND, Not determined.

Similarly, a low degree of fluorescence dequenching was
also observed when HAo virions were incubated at either pH
5.0 or 7.4 with the above-described liposome preparations
(Table 4). Trypsin treatment of HAo virions is known to
activate their fusogenic activity (15). Indeed, an increase in
the degree of fluorescence was observed upon incubation at
pH 5.0 but not at pH 7.4 of trypsinized HAo virions with
liposomes composed of PC-chol or PC-chol-gang. These
results prove that the fluorescence dequenching observed
reflects a process of virus-liposome fusion. Essentially the
same results were obtained when RIVE were used (Table 4).
An increase in the degree of fluorescence was observed only
at pH 5.0 upon incubation of RIVE with liposomes com-
posed of PC-chol or PC-chol-gang.

TABLE 3. Inactivation of hemolytic and fusogenic activities of
intact influenza virions or RIVE'

o% Fluorescence de-
Treatment of quenching with:

viral preparations Intact RIVE Intact RIVE

virions virions

None 85 98 42 45
NH2OH 6 8 17 13
pH S.0 5 6 4 6
Glutaraldehyde 3 5 15 12
85°C 7 8 15 17

a For inactivation of the hemolytic and fusogenic activities of intact virions
or RIVE, 400 p.g of viral protein in a volume of 200 p.l was treated as follows.
For heat and glutaraldehyde inactivation, a viral suspension in PBS (pH 7.4)
was incubated at 85°C for 30 min or with 0.1% glutaraldehyde for 30 min at
37°C, respectively. Inactivation by low pH was performed essentially as
described before (24) by incubating a viral suspension in PBS-sodium acetate
(pH 5.0) for 30 min at 37°C. For treatment with NH,OH, a viral suspension in
1 M NH2OH (pH 6.5) was incubated for 30 min at 37°C as previously
described (25). At the end of the incubations, the viruses in the various
systems were washed twice with 10 volumes of PBS (pH 7.4), resuspended in
200 p.l of PBS, and labeled with R18 as described in Materials and Methods.
The induction of hemolysis and determination of the extent of fluorescence
dequenching were as described in Table 2, footnote a.
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TABLE 4. Interaction of influenza virus preparations with
phospholipid vesiclesa

% Fluorescence dequenching with
System pH liposomes composed of:

PC-chol-gang PC-chol PC

Intact virions 7.4 9 5 6
5.0 36 29 9

HAo virus 7.4 12 11 9
5.0 12 13 8

Trypsinized HAo virus 7.4 12 11 8
5.0 35 25 9

RIVE 7.4 6 3 3
5.0 33 27 8

a Fluorescently labeled viral preparations (5 pLg of each) were incubated
with liposomes composed of PC-chol-gang (1:0.5:0.3 [mol/mol]), PC-chol
(1:0.5 [mol/mol]), or PC (200 ,ug) in 200 ,ul of PBS (pH 7.4) for 10 min at 4°C,
after which 50 p1l of 0.5 M sodium acetate (pH 7.4 or 5.0) was added, and the
extent of fluorescence dequenching was monitored following 30 min of
incubation at 37C.

that such virus-liposome fusions do not require the presence
of specific virus receptors.
The results in Fig. 6A show that incubation of RIVE under

isotonic conditions with ROV resulted in a relatively high
degree (35%) of fluorescence dequenching. As expected,
much lower degrees of fluorescence dequenching (7 to 9%)
were obtained when RIVE were incubated with ROV from
which the virus receptors had been removed by treatment
either with neuraminidase or with neuraminidase and
pronase (Fig. 6A). On the other hand, under hypotonic
conditions, an increase in the degree of fluorescence was
observed following incubation with neuraminidase-pronase-
treated ROV (Fig. 6A). As can be seen, about 30% fluores-
cence dequenching was oserved when RIVE were incubated
with treated ROV in a medium of 240 mosM (Fig. 6A). A
slight increase in the degree of fluorescence was also ob-
served upon incubation with untreated ROV in a medium of
low osmolarity, reaching a maximum degree at 240 mosM. A
lower degree of fluorescence dequenching was noted in
media of 210 to 120 mosM (Fig. 6A). This result may have
been due to disruption of the ROV in media containing such
low amounts of salts. Alteration of the osmolarity of the
media did not have any significant effect on the degree of

Inactivated, nonhemolytic influenza virions or RIVE
failed to fuse with phospholipid vesicles. Incubation of
treated, nonhemolytic (Table 3) influenza virions or RIVE
with liposomes composed of either PC-chol or PC-chol-gang
resulted in a relatively low degree of fluorescence dequench-
ing (Fig. 5). Thus, it appears that influenza virions and RIVE
are able to fuse almost to the same extent with liposomes and
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FIG. 6. Fusion of RIVE with neuraminidase-pronase-treated

S L~ 1p\&ROV. ROV were prepared and treated with neuraminidase or with
neuraminidase and pronase as described before (4). All other

d e experimental conditions were as described in Materials and Meth-
ods. (A) Fluorescently labeled RIVE (5 ,ug of protein) were added to

influenza virus and ROV (A), neuraminidase-treated ROV (0), or neuraminidase-
uorescently labeled pronase-treated ROV (0) (200 ,ug of ROV protein each) suspended
ncubated at low pH in 250 ,ul of PBS-sodium acetate (pH 5.0), and the mixtures were
rith NH2OH (d), or adjusted by the addition of water to the indicated osmolarities.
Table 3, footnote a. Following 30 min of incubation at 37°C, the extent of fluorescence
The viral prepara- dequenching (DQ) was estimated. (B) Fluorescently labeled intact

ated with liposomes influenza virions (O) or RIVE (X), untreated (a), treated with
or PC-chol-gang glutaraldehyde (b) or NH2,OH (c), or incubated at 85°C (d) or pH 5.0
4, footnote a. All (e), were incubated with 200 ,ug of neuraminidase-pronase-treated

ed in Materials and ROV in PBS-sodium acetate (pH 5.0), and the mixtures were
adjusted to 240 mosM as described for panel A.
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fluorescence obtained following incubation of RIVE with
ROV treated only with neuraminidase. The degree of fluo-
rescence dequenching remained relatively low under
isotonic or hypotonic conditions (Fig. 6A). Our results
showed that the increase in the degree of fluorescence
obtained under hypotonic conditions (240 mosM) was ob-
served only at pH 5.0 and was dependent upon the amount of
treated ROV (data not shown), clearly indicating that the
fusion observed under hypotonic conditions with virus-
receptor-depleted ROV is promoted by the viral HA glyco-
protein.

This view is further strengthened by results showing that
incubation of inactivated, nonhemolytic RIVE under
hypotonic conditions with neuraminidase-pronase-treated
ROV did not result in fluorescence dequenching (Fig. 6B).
Essentially the same results were obtained upon incubation
of inactivated, nonhemolytic intact influenza virions with
pronase-neuraminidase-treated ROV (Fig. 6B).

DISCUSSION

The results of the present study unequivocally show that
fluorescence dequenching measurements can be used to
follow-on a quantitative basis-fusion processes occurring
between influenza virus preparations and biological mem-
branes or liposomes. Our results showed that an increase in
the degree of fluorescence was observed only upon incuba-
tion of hemolytic virions with erythrocyte membranes or

liposomes at low pH values. A low degree of fluorescence
dequenching (8 to 11%) was observed upon incubation of
virus particles with glutaraldehyde-treated erythrocyte
membranes. Glutaraldehyde-treated membranes have been
shown previously (20) to be resistant to virus-membrane
fusion but to allow lipid-lipid exchange processes. Based on

these results, it appears that about 30 to 35% of the added
virions actually fused with the erythrocyte membranes under
the present experimental conditions.
RIVE have been prepared previously (11, 14, 30) mainly

by the use of octylglucoside as a detergent of choice for the
solubilization of intact influenza virions. However, in previ-
ous experiments in our laboratory with Sendai virus (3), it
was observed that this detergent caused partial inactivation
of the viral fusogenic activity. Recent results also showed
that RIVE obtained by the use of octylglucoside possessed
very low hemolytic and fusogenic activities (data not
shown). The use of Triton X-100 for the solubilization of
enveloped virions was avoided by other groups since, be-
cause of its low critical micellar concentration, it is difficult
to remove from reconstitution systems (9). However, it
appears that by use of the method described previously (27),
namely, by the direct addition of SM-2 Bio-beads to a

detergent solution of virus envelopes, most of the Triton
X-100 can be removed. Furthermore, the results of the
present work showed that very small amounts of Triton
X-100 were left in the RIVE preparations.
The results of the present work show that RIVE obtained

by use of Triton X-100 are as fusogenic as intact influenza
virions. Experiments in which various inhibitors were used
clearly demonstrated that the hemolytic as well as the

fusogenic activities of the reconstituted envelopes were

promoted by the viral glycoproteins whose presence is

necessary for viral infectivity and fusion with biological
membranes.

Previous studies (21, 26, 28, 29) have demonstrated that
influenza virions are able to interact and fuse with liposomes
composed of various phospholipids but lacking virus recep-

tors. No specificity was observed in these studies regarding
the interaction between influenza virions and phospholipid
vesicles. It appeared that influenza virions were able to
interact and fuse almost to the same extent with liposomes
composed of either neutral or negatively charged phospho-
lipids (21, 26). The results of the present work show that chol
is required to allow fusion between influenza virions or
RIVE and liposomes composed of PC. Apparently, the
presence of chol is not essential for fusion of influenza
virions and liposomes containing negatively charged phos-
pholipids such as phosphatidylserine or cardiolipin (21, 26).
In addition, Sendai virions were shown to fuse with lipo-
somes composed of PC-chol but not with those composed of
PC only (3, 8). It is our view that fusion with liposomes
composed of neutral lipids such as PC and possessing chol,
but not with negatively charged liposomes is due to the
activity of the viral glycoproteins and reflects the fusogenic
activity needed for fusion with biological membranes (3, 4,
6). This conclusion is supported by recent results (26),
published during the preparation of the present manuscript,
which demonstrated, by the use of fluorescence dequenching
measurements, fusion of intact virions with HEG and with
negatively charged liposomes. These authors (26) clearly
showed that fusion of intact influenza virions with liposomes
composed of cardiolipin does not exhibit the same features
as fusion with HEG. Our results also showed that neither
HAO virions nor inactivated, treated virions or RIVE fused
with liposomes composed of PC-chol.

Fusion of intact influenza viruses or RIVE with biological
membranes-as opposed to fusion with liposomes composed
of PC-chol-is absolutely dependent on the presence of virus
receptors, i.e., sialic acid-containing components such as

sialoglycolipids or sialoglycoproteins (30). In biological
membranes whose lipid bilayer is masked and unavailable to
external ligands (18), a direct interaction between virus
envelopes and membrane phospholipid molecules is proba-
bly impossible. It has been shown that osmotic swelling of
human erythrocytes promotes exposure of their membrane
lipid bilayer (18). Only phospholipid molecules of erythro-
cytes incubated in hypotonic media can be hydrolyzed by
added phospholipases or are able to interact with external
cross-linking reagents (18).
The results of the present work demonstrate that influenza

virions or RIVE could fuse with virus-receptor-depleted
erythrocyte membranes, provided that fusion occurred in
hypotonic medium. Under such conditions, the erythrocyte
lipid bilayer is probably exposed and available to interact
with the influenza virus HA glycoprotein. However, it
appears that even under hypotonic conditions, a large part of
the membrane external glycoprotein must be removed by
treatment with proteolytic enzymes such as pronase to allow
interaction between the lipid bilayer and viral glycoproteins.

Influenza virions are known to fuse readily and effectively
at pH 5.0 and under isotonic conditions with biological
membranes or living cells bearing virus receptors. Under
such conditions, the interaction of influenza virions with
cultured cells promotes an increase in cell membrane per-
meability, cell swelling and, eventually, induction of
hemolysis (23). It is conceivable that the interaction between
the viral glycoproteins and their membrane receptors pro-
motes the increase in cell membrane permeability, entry of
water and, consequently, cell swelling and hemolysis. Virus-
membrane fusion is suggested to occur only with membranes
of such swollen cells. Hence, an active role for virus
receptors is suggested in the process of virus-membrane
fusion and penetration of living cells by animal virions.
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