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Reconstituted vesicular stomatitis virus (VSV) envelopes were formed by solubilization of the viral envelope with Triton

X-100 followed by removal of detergent by direct addition of SM2 bicbeads. We provide direct demonstration of fusion

of reconstituted VSV with cells using fluorescent lipid and aqueous probes incorporated into the Y8V virosomes during

reconstitution. We show a direct comparison of the kinetics and pH profile of fusion with cells between reconstituted

V8V and fluorescently labeled intact virus. With this preparation it is now possible to gain additional information about

the role of cooperativity in viral protein-mediated fusion, and to permit construction of efficient vehicles for delivery
of drugs and other materials into cells.

VSV; Membrane fusion; Reconstitution; Fluorescence probe

1. INTRODUCTION

To study molecular mechanisms by which the
viral spike glycoprotein induce membrane fusion
[1,2], it is necessary to manipulate the components
involved. Reconstitution of the viral fusion pro-
teins into lipid vesicles (virosomes) offers several
advantages for these sorts of studies. Although a
large number of viral spike glycoproteins have
been incorporated into lipid vesicles, only in a few
cases it has been shown that the reconstituted pro-
duct was functionally active in the same way as in-
tact virus in inducing membrane fusion (see [3] for
a review). Procedures have been developed for for-
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mation of reconstituted viral envelopes, whose
fusogenic activity was very similar to that of the in-
tact virus [4—6]. A successful method, first applied
to Sendai virus, involves extraction of the viral
envelope by Triton X-100 followed by detergent
removal by direct addition of SM2 biobeads [6].
This method was then successfully applied to in-
fluenza virus [7-9]. Metsikko et al. [10] recently
reported formation of vesicular stomatitis virus
(VSV} envelopes by solubilization in the detergent
n-dodecyl octaethylene monoether, followed by
removal of the detergent in two steps. These
virosomes induced polykaryons in BHK-21 cell
monolayers at a pH threshold of 5.8.

In the present study we show that functionally
active VSV envelopes were formed by solubiliza-
tion in Triton X-100, followed by removal of the
detergent in one step. As monitored directly by
fluorescence techniques, these virosomes fused
with Vero cells at a pH threshold of 6.3, with a
kinetics similar to that of the intact virus.
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2. EXPERIMENTAL

2.1. Materials

N-4-Nitrobenzo-2-0xa-1,3-diazole phosphatidylethanolamine
(NBD-PE) was obtained from Avanti (Birmingham, AL),
Triton X-100 (TX100) from Aldrich (Milwaukee, WI), a-
dodecyl octaethylene monoether from Calbiochem (La Jolla,
CA), cell culture media and Trypsin-EDTA were obtained from
Gibco (Grand Island, NY), Biobeads (SM2) were purchased
from Bio-Rad (Richmond, CA) and *H-TX100 from Dupont
NEN (Wilmington, DE).

2.2. Cell cultures

Vero cells were grown to confluency in Dulbecco’s minimal
essential medium supplemented with 10% calf serum in 75 em?
plastic dishes. The fusion experiments were carried out with the
cells in suspension. Incubation for 10 min at 37°C in 1 ml
phosphate-buffered saline containing 0.5 mg trypsin and
0.2 mg EDTA yielded 2 x 107 cells/ml. Before the experiments
the cells were washed three times by centrifugation in a solution
containing 145 mM NaCl and 10 mM Hepes, pH 7.4 (NaCl-H).

2.3. Virus

VSV (Indiana) was grown cn monolayer cultures of baby
hamster kidney (BHK-21) cells and purified by sucrose velocity
and density gradients, to approx. | mg of VSV protein per ml
[11]. The sucrose solutions were made in a buffer containing
10 mM Tris, 1 M NaCl, and | mM EDTA, pH 7.5 (TNE). *H-
labeled VSV was prepared by infecting BHK cells in the
presence of {*H]leucine or [*H]glucosamine (5 £#Ci/ml growth
medium). The specific activity ranged from 200—-2000 cpm/ug
VSV protein. The purified virus was stored at —~70°Cina TNE
buffer containing about 30% (w/v) sucrose.

2.4. Solubilization of VSV and reconstitution of viral
envelopes
TX100 was added from a 10 x concentrated solution to a
suspension of VSV (about 1 mg/ml protein = 0.2 mg/ml lipid).
The final concentration of TX100 used for solubilization was
calculated on the basis of:

([TX100} - CMMC)/[Lip] = 3.5 4}

where [TX100] is the total conceniration of TX100; CMMC,
the critical mixed micelle concentration of this detergent
{0.18 mM) [12}; and [Lip], the total concentration of lipids. The
formula was used to ensure an excess of TX100 for solubiliza-
tion without denaturing the protein. The virus in the presence
of the TX 100 was maintained under gentle and continuous stir-
ring for 1 h at 4°C for the solubilization to be complete. After
solubilization the sample was centrifuged in a 70 TI rotor
{Beckman Instruments) at 30000 rpm for 1 h at 4°C in order to
remove the nucleocapsid. The supernatant containing the
solubilized protein was collected, it contained about 75% of the
total viral radioactivity. The virus preparation was labeled with
[*H}teucine, which labels all the proteins. Since VSV G-protein
only comprises about 20% of total viral protein, the high
recovery of radioactivity indicates that other proteins in addi-
tion to the G-proteins are ‘solubilized’ by the treatment with
TX100. SDS-polyacrylamide gel electrophoresis performed on
the TX100-solubilized preparation (not shown) indicated that
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VSV M and N proteins were extracted by this procedure in
about similar amounts to the G-protein.

Incorporation of the fluorescent lipid probe NBD-PE into the
virosome was performed by drying NBD-PE from a chloroform
solution in a glass vial under N; to form a thin film. The
amount of NBD-PE used was calculated such that the final con-
centration of the probe in the viral envelope would be 20% of
total viral lipid. Then, the supernatant containing viral protein
and lipid, as well as detergent was added to the NBD-PE film,
and the sample was vortexed.

Afier solubilization of the fluorescent lipid, SM2 biobeads
were added to the sample at a biobead (wet wt): detergent ratic
of 20:1 (w/w). The bicbeads were prewashed with methanol,
distilled water and buffer, and always kept in buffer. The
elimination of detergent was performed by direct contact with
the biobeads under gentle stirring for 2 h onice followed by 2 h
at rcom temperature. Before any experiment, the samples were
filtered through a 0.22 xm Millipore type Millex GV filter to
remove aggregated virosomes.

Preparation of calcein-encapsulated virosomes involved addi-
tion of a calcein solution (200 mM) to the detergent-solubilized
viral envelope before adding the biobeads. The final concentra-
tion of calcein in the detergent selution was 40 mM. Before use,
the calcein-encapsulated virosomes were passed through a
PD-10 column te remove any unencapsulated calcein.

2.5, Fluorescence microscopy

Virosomes were bound to subconfluent Vero cells which had
been previously cultured on coverslips. Binding to cells was
done at 4°C in pH 7.4 buffer (see below) for 45 min by flooding
coverslips with virosome suspensions at 1/10 the concentration
used in the spectrophotometric studies (see below). Coverslips
were then mounted in a perfusion chamber on the stage of a
microscope. The preparation was examined both with Schlieren
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Fig.l. Elimination of TX100 by absorption to bicbeads. The

biobeads (50 mg/ml) were added to a suspension of VSV

envelope (1.2 mg/ml protein, 0.24 mg/ml lipid) in TX100

(5 mg/ml). The elimination of TX100 (open symbols) and

absorption of viral protein (closed symbols) were followed by

radioactivity measurements. Experiments were performed at
4°C (circles) and 23°C (squares).
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LIPID-MIXING CONTENTS MIXING
(NBD-PE) (CALCEIN)

BRIGHT FIELD

FLUORESCENCE:

pH 5.5

Fig.2. Fusion of VSV envelopes with Vero cells as detected by video fluorescence microscopy. Virosomes bound to Vero cells, which

had been previously cultured on coverslips, were observed (see section 2) at 4°C and pH 7.4 (second row), and after 1¢ min incubation

at 37°C and pH 3.5 (third row). The fields were the same as shown in the top row (bright field), The panels on the left represent
virosomes containing the lipid probe NBD-PE, and those on the right the aqueous probe, calcein.
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bright field optics [13]) and fluorescence to select a group of cells
for the experiment. The temperature was maintained at less
than 10°C and pH 7.4 during chamber assembly and cell selec-
tion. The fusion experiments were begun by simultaneously
switching the perfusate to the pH 5.5 buffer and increasing the
chamber temperature to 37°C. The f,,; is 80 s and 13 s for the
temperature change and chamber mixing, respectively. Alter-
nating bright field and fluorescent images were recorded for
10 min. Fluorophores were excited with an argon laser light
source using the 488 nm and 496 nm lines. The emission was
filtered using a 510 nm di¢ghroic and 514 nm long pass filter.
The detector system was an intensified video camera system
[14]. The image processor {Recognition Concepts Inc., Incline
Village, Nevada) was used during the experiment to generate a
256 frame average of the images before recording. Images were
subsequently digitally enhanced by black level thresholding and
grey scale compression, to increase contrast, and then
photographed from a television monitor. Care was exercised to
use the same digital processing on all sets of images and that no
loss of visible objects occurred due to these processing steps.

2.6. Spectroflucrometry
Fusion of Ri8-labeled VSV with Yero cells was carried out as
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described previously [15]. The assay with the NBD-PE-labeled
virosomes was carried out in a similar fashion. The virosomes
{100-200 xg protein) were added to 2 x 107 Vero cells in 1 ml
buffer, pH 7.4, containing 145 mM NaCl and 10 mM Hepes,
and incubated at 4°C for 45 min to form virosome-Vero com-
plexes. The cells were washed in the same buffer and ceniri-
fuged at 300 X g, For kinetic experiments 50 4l of the
viresome-Vero suspension was pipetted into a cuvette contain-
ing pH 7.4 buffer prewarmed to 37°C. After about one minute,
sufficient to warm up the cells, the pH was changed by injecting
2-60 #1 of 1 M Mes. The pH was always measured at the end
of the experiment, Fluorescence was measured using an SLM
8000 spectrofluorometer with 1 s time resolution at 473/520 nm
(excitation/emission) wavelengths for the virosomes containing
NBD-PE, and at 565/590 nm (excitation/emission) wave-
lengths for intact VSV labeled with R18. Cut-off filters (510 for
NBD and 570 for R18) were used on the emission to reduce
scatter ¢ontributions.

We express our data as the % fluorescence dequenching
(FDQ} calculated from the fluorescence changes according to:

% FDQ = 100 % (F — Fp)/(Fa — Fo) 2)

where F'is the fluorescence of virosome-Vero complex at a given

A
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Fig.3. Kinetics of fluorescence dequenching (FDQ} of virosomes or intact virus with Vero cells. NBD-PE-labeled virosomes (A) or

R18-labeled VSV (B) were bound to Vero cells, washed, and suspended with trypsin-EDTA as described in section 2. 50 4l of the

complex was injected into 2 ml PBS, pH 7.4, prewarmed at 37°C. About | min later, the pH in the medium was changed by adding

6—20 4l of 0.5 M Mes (indicated by the arrow). Percent FDQ was calculated according to eqn 2. The traces at different pH are marked
on the figure. A contrel is shown with virosomes treated for 15 min at 56°C.
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time point, Fp is the fluorescence of the complex at time zero,
and Fy the total fluorescence measured by disrupting the cells
in the detergent n-dodecyl octaethylene monoether,

3. RESULTS
3.1. Elimination of detergent and formation of
virosomes

The amount of detergent and protein remaining
in the suspension as a function of time after addi-
tion of biobeads is shown in fig.1. The figure
shows a rapid removal of detergent at 23°C, with
a loss of about 45% protein after 4 h, On the other
hand, at 4°C the removal of detergent was slower
with little loss of protein. Removal of detergent at
23°C for 4 h led to the formation of particles
which were not fusogenic (not shown). On the
other hand, removal of TX100 at 4°C was in-
complete even after 4 h. In order to balance these
two factors, we incubated the TX100-solubilized
VSV mixture with biobeads for 2 h at 4°C, fol-
lowed by 2 h at 23°C, leading to the formation of
fusogenic virosomes (see below) without residual
TX100. Centrifugation of the preparation on a
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discontinuous sucrose gradient for 20h at
30000 rpm in a SWS55 rotor (Beckmann In-
struments, Pale Alto, CA) resulted in banding of
80% of the lipid associated with 80% of protein in
the fraction containing 20-25% sucrose (not
shown).

3.2. Fusion of virosomes with Vero cells detected
by fluorescence microscopy

Fig.2 shows the light micrographs for the fusion
experiments with both NBD-PE and calcein la-
beled virosomes. The field is 40 and 60 zm for the
NBD-PE and calcein experiments, respectively.
The pH 5.5 image in both experiments is from
10 min following the change from pH 7.4. In both
cases the fluorescent particles are very
heterogeneous in size, although in general more
very small particles were observed in the NBD
labeled preparation. A similar widely varying size
distribution of particles was observed for both
labels when virosomes attached to poly-lysine
' coated coverslips, in the absence of cells, were ex-
amined. It is assumed that this distribution of
fluorescence probe is due to aggregates of different
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numbers of virosomes, although heterogeneity of
individual virosome size and/or labeling intensity
cannot be excluded. After 10 min there is a con-
siderable reduction in the number of either NBD or
calcein labeled particles visible on the cell surface.

Quantitation of particle loss was determined for
both dyes by counting all objects visible in the field
before and after the pH change. For both calcein
and NBD-PE virosomes about 25% of the fluores-
cent particles disappeared from the cell surface
after exposure to pH 5.5 for 10 min at 37°C. For
both virosome preparations the decrease appeared
to be predominantly of small particles; this is par-
ticularly evident in the NBD-PE-labeled prepara-
tion (see fig.2).

Concomitant with this reduction in punctate
fluorescence there was an increase in the diffuse
fluorescent labeling of the cells. This change can be
most readily seen with the volume marker, calcein,
in regions of the cell corresponding to the nucleus
and cell periphery which became considerably
brighter. These changes in the pattern of
fluorescence are consistent with a fusion mediated
redistribution of the probes, providing visual
evidence of virosome-vero cell fusion. With both
labels numerous punctate objects, generally being
the largest particles, remain associated with the
cells even after 10 min at low pH. This is consistent
with the spectrofluorometric data (see below) and
confirms that not all of the fluorescent probe is
associated with fusion competent particles. The
data also suggest that association into large ag-
gregates can inhibit the fusion process.

3.3, Kinetics of fusion as measured by
fluorescence dequenching

Fig.3 shows the kinetics of fusion of
reconstituted VSV as well as of intact VSV with
Vero cells. At pH 5.5 fluorescence of virosome-
vero cell complexes increased with an approx-
imately exponential time course reaching, after
6 min, a value which corresponding to 13%
fluorescence dequenching, calculated according to
eqn 2 (fig.3A). As a control, we treated virosomes
for 15 min at 56°C, since this treatment inactivates
fusogenic activity of intact VSV, although binding
to cells is not affected [16]. There was no
fluorescence change at pH 5.5 with virosomes
treated for 15 min at 56°C (fig.3A), indicating that
the fluorescence dequenching observed with un-
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pH-dependent fusion
of VSV with Varo cells

INITIAL RATE (% FDQ/min)

| 1 |
O B5 B0 65 70 75
pH

Fig.4. pH dependence of fusion. The rate of FDQ as a function

of pH calculated from maximal slopes of kinetic curves such as

those shown in fig.3. Open and closed circles represent
virosomes and virus, respectively.

treated virosomes was due to the fusogenic activity
of the VSV envelope proteins. The patterns of in-
crease in fluorescence were remarkably similar for
virosome (fig.3A) and intact virus (fig.3B) fusion,
given the fact that different probes were used.

In fig.4 the initial rate of fluorescence de-
quenching is plotted as a function of pH both for
virosomes and intact VSV,

The threshold for fusion of virosome with cells
is at pH 6.3, similar to that of intact virus, and to
VSV-induced cell fusion [17].

4. DISCUSSION

We show that functionally active VSV envelopes
were formed by solubilization in Triton X-100,
followed by removal of the detergent in one step by
direct addition of biobeads. We provide a direct
demonstration of fusion of the virosomes with
cells using a lipid mixing probe as well as an
aqueous compartment mixing probe. The
virosomes showed the same pH thresholds and ex-
tents of fusion as intact virus. Moreover, control
virosomes treated at 56°C showed no fluorescence
changes, indicating that the effect we observed was
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specific for viral fusion activity. The fluorescent
lipid probe we incorporated during reconstitution
is more similar to phospholipids, than the fatty
acid probe, R18, used for studies with intact virus.
Nevertheless the kinetics of fluorescence increases
were very similar.

The VSV envelopes formed by solubilization in
the detergent n-dodecyl octaethylene monoether,
followed by removal of the detergent in two steps
induced polykaryons in BHK-21 cell monolayers at
a pH threshold of 5.8 [10]). In that study it was
noted that direct addition of biobeads to solubil-
ized VSV envelopes at 23°yresulted in the forma-
tion of virosomes with “inconsistent fusogenic
properties [10]. That agrees with our observation
concerning removal of TX100 at 23°C. As shown
in fig.1, TX100 removal at 23°C occurs quite fast
and with protein loss. Presumably too rapid a
removal of detergent results in aggregation of pro-
tein and lipid into separate structures, and forma-
tion of multilamellar vesicles [3,18]. However,
when we initially incubated the TX100-solubilized
envelopes with biobeads at 4°C, and subsequently
incubated them at 23°C to remove residual
detergent, we obtained virosomes, whose fuso-
genic properties were very reproducible. Five dif-
ferent virosome preparations yielded the same
fluorescence dequenching kinetics with Vero cells
as seen in figs 3 and 4.

We have not yet optimized conditions for
solubilization of VSV by detergent and removal of
detergent. For instance, the preparation contains
about the same amount of VSV M and N protein
as the intact virus. Presumably extraction in high
salt releases those proteins from the nucleocapsid
[11]. However, Walter (unpublished) has observed
that solubilization of VSV by TX100 in normal
saline also results in extraction of VSV M and N
protein. Another problem with the reconstitution
procedure is formation of virosome aggregates.
We have partially overcome that problem by filtra-
tion of the product through a 0.22 4M Millipore
filter.

The patterns of increase in fluorescence were
remarkably similar for virosome (fig.3A) and in-
tact virus (fig.3B) fusion. However, some dif-
ferences were noted. Although the extents of
fluorescence dequenching were the same for
virosome and intact virus, the initial rates were
faster with intact virus. Moreover, the steepness of
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the pH dependence was higher for intact virus
(fig.4). We have previously related rates of viral
spike glycoprotein-mediated fusion to cooperative

- interactions between such proteins [2,19]. Perhaps

the highly organized disposition of the G-protein
in the intact virus gives rise to a higher degree of
protein cooperativity, and consequently to a faster
fusion rate and steeper pH dependence. We also
note that the rate of fluorescence dequenching at
pH 7.5, which we have interpreted as entry via the
endocytic pathway [15], was higher with intact
virus. This difference might be attributed either to
cooperativity of fusion, or to the fact that
virosomes form larger aggregates, and consequent-
ly do not readily enter the endocytic compartment
via coated pits.

Improving procedures for solubilization of VSV
by detergent and removal of detergent might result
in better organization of the G-protein in the mem-
brane, and consequently a higher degree of
cooperativity in mediating membrane fusion. Such
products would enable us to gain additional infor-
mation about the role of cooperativity in viral
protein-mediated fusion, and to permit construc-
tion of efficient vehicles for delivery of drugs and
other materials into cells.
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