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Membrane bilayer fusion has been shown to be mediated by v- and
t-SNAREs initially present in separate populations of liposomes and
to occur with high efficiency at a physiologically meaningful rate.
Lipid mixing was demonstrated to involve both the inner and the
outer leaflets of the membrane bilayer. Here, we use a fusion assay
that relies on duplex formation of oligonucleotides introduced in
separate liposome populations and report that SNARE proteins
suffice to mediate complete membrane fusion accompanied by
mixing of luminal content. We also find that SNARE-mediated
membrane fusion does not compromise the integrity of liposomes.

A considerable body of biochemical and genetic evidence
implies a critical role for SNARE proteins (1, 2) in the
process of intracellular membrane fusion, along with proteins
acting upstream of SNARE proteins (3, 4) in regulation and
tethering (5-16).

A direct role for SNAREs in membrane fusion has been
established from studies using isolated SNARE proteins recon-
stituted into liposomes (17), and, more recently, this conclusion
has been confirmed by studies using perforated neuroendocrine
(PC12) cells (16). The structure of the core of a neuronal
SNARE complex (18, 19) and earlier biochemical and electron
microscopic studies (20-22) are fully consistent with these
findings and suggestions concerning how the exceptionally high
stability of SNARE complexes may promote fusion (8, 17). The
structural similarity with the cores of various virus-encoded
fusion proteins (23) suggests that this principle for membrane
fusion is indeed a general one.

In our original report, we demonstrated SNARE-dependent
fusion by observing the mixing of phospholipids and found that
lipids in both monolayers of the vesicle participated (17). Recent
work has shown that SNARE-dependent fusion is extremely
efficient and that, when the N-terminal regulatory domain of the
t-SNARE is removed, fusion occurs at physiologically relevant
rates (24). Although this establishes bilayer fusion, it does not
directly establish that contents mix and are retained in the fused
vesicles. Here, we report the development of a fusion assay that
is designed to address these issues.

Materials and Methods

Reagents. Both nonmodified and biotinylated oligonucleotides
(the latter ones HPLC-purified) were obtained from Integrated
DNA Technologies (Coralville, Iowa). The primary structures of
oligonucleotides used in this study are as follows: 1, 5'-CCG
TGG TGG ATC CCG-3', 2, 5'-biotin-CGG GAT CCA CCA
CGG;and 3,5'-CGG GAT CCA CCA CGG-3'. Oligonucleotide
1 was subsequently 5'-modified with 3P using [y->*P]ATP and
T4 polynucleotide kinase (25). The apparent specific activity was
determined to be ~0.5 Ci/mmol. All protein preparations were
performed as described (17, 24).

Reconstitution of Proteoliposomes and Recovery of Oligonucleotides.
Liposomes were formed in the presence of either VAMP or a
preformed complex of syntaxin 1A and SNAP25, respectively, as
described (17). The only modification made to this procedure

was the addition of oligonucleotides. Lyophilized oligonucleo-
tides were dissolved in reconstitution buffer [25 mM
Hepes'KOH, pH 7.4/100 mM KCl/10% (wt/vol) glycerol] at
concentrations between 1 and 5 mM. In case of the 33P-labeled
oligonucleotide 1, reconstitution buffer was supplemented with
1% octyl glucoside (Boehringer Mannheim). 33P-labeled oligo-
nucleotide 1 was added at a final concentration of 1 uM to the
VAMP-liposome reconstitution. This was achieved by adding 50
wl of oligonucleotide 1 [containing ~300 pmol 33P-labeled
oligonucleotide] to the lipid film followed by the addition of 50
wl of VAMP (2.85 mg/ml). After dilution with reconstitution
buffer (final volume: 300 ul), this procedure theoretically results
in the loading of approximately one oligonucleotide per 50
liposomes based on the ratio of the luminal volume of the 45-nm
liposomes (17) and the total volume of the reconstitution sample.
After flotation of liposomes in a Nycodenz gradient (17),
~0.2-0.5% of the initial radioactivity was recovered, which
roughly corresponds to the luminal volume of liposomes in
comparison to the total volume of the reconstitution (300 wl). In
case of t-SNARE-containing liposomes, oligonucleotide 2 was
included into the reconstitution at a concentration of 50 uM.
This should result in the trapping of two molecules per liposome
[again based on a liposome diameter of 45 nm and the corre-
sponding ratio of the luminal volume of liposomes compared
with the total volume of the reconstitution (1.5 ml)]. To exper-
imentally verify this prediction, we determined the amounts of
oligonucleotide 2 present in gradient-purified liposomes by
competition experiments between biotinylated oligonucleotide
(contained in the liposomes) and the nonbiotinylated form
(oligonucleotide 3) added at various known concentrations with
respect to the binding to the 33P-labeled, complementary oligo-
nucleotide after lysis of liposomes with detergent. These exper-
iments revealed that oligonucleotide 2 was trapped into t-
SNARE-containing liposomes to the expected extent of approx-
imately two molecules per liposome. Where indicated, liposomes
containing tc-syntaxin 1A/SNAP-25 were treated with thrombin
(Sigma) by adding 8 units of enzyme to 400 ul of gradient-
purified liposomes. After gentle mixing, liposomes were incu-
bated at room temperature for 2 hours. Occasionally, liposomes
were gently mixed throughout the incubation. Samples then were
transferred to ice and supplemented with 4-(2-aminoethyl)ben-
zenesulfonylfluoride/HCI (Calbiochem) (24) to inhibit throm-
bin.

Content Mixing Assay. A typical content mixing assay was per-
formed by mixing 1 ul of competitor (oligonucleotide 3; 5 mM),
5 pl of VAMP-containing liposomes, and 45 ul of syntaxin
1A/SNAP-25-containing liposomes. Other additions or varia-
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Content mixing assay and protein analysis of liposomes. (A) Schematic illustration of the oligonucleotide-based fusion assay. For a detailed description

see text. (B) Analysis of the protein content of various proteoliposome preparations. Proteins were analyzed by using 10% NuPage Gels (NOVEX, San Diego)
followed by Coomassie blue protein staining. Lanes: 1, 10 ul of VAMP-containing liposomes; 2, 10 ul of tc-syntaxin 1A/SNAP-25-containing liposomes; 3, 10 ul
of H3-syntaxin 1A/SNAP25-containing liposomes obtained after thrombin treatment of tc-syntaxin 1A/SNAP25-containing liposomes (for details see Materials
and Methods). The band highlighted with a star (lane 3) was previously identified as a degradation product of SNAP-25 (24).

tions of the incubation conditions were performed as indicated
in the corresponding figure legends. In every individual exper-
iment, duplicates were prepared for each experimental condi-
tion. Depending on the specific activity of 33P-labeled oligonu-
cleotide 1, ~10,000-30,000 cpm were introduced per assay. All
experiments were performed without preincubation at 0°C. For
standard experiments samples were incubated for 2 hours at
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37°C. After incubation, liposome mixtures were placed on ice for
10 min and, where indicated, were treated with 2 units of DNase
I (Promega) in the presence of 2 mM MgCl, for 30 min on ice.
After the addition of EDTA (10 mM final concentration) to
inhibit the DNase, all samples were supplemented with 1.25 ml
TX-100 containing wash buffer [25 mM Hepes'KOH, pH 7.4/
100 mM KCl/0.5% (wt/vol) TX-100] to lyse liposomes. Thus,

Nickel et al.



B

H3-Syn 1A + - -— — — full-length Syn 1A 37°C
full-length Syn 1A — + + + -
protein-free = - - - +
temp (°C) 37 37 0 37 37
soluble VAMP = - - + -

% of total [33P] input

1 2 3 4

Fig. 2.

% of total [33P] input

5 1 2 3

Characterization of SNARE-dependent membrane fusion based on content mixing. (A) SNARE-mediated liposome fusion results in content mixing. All

samples contained v-liposomes loaded with 33P-labeled oligonucleotide 1 and were (without a preceding incubation at 0°C) incubated for 120 min under the
conditions indicated. Where indicated, 5 ul of the cytoplasmic domain of VAMP (3.8 mg/ml) prepared as described in ref. 17 were added to the incubation. After
lysis of liposomes in the continued presence of competitor, biotinylated oligonucleotide 2 was affinity-purified (see Materials and Methods) and co-purification
of oligonucleotide 1 was determined by measuring 33P-derived radioactivity. The data are expressed as percent of total 33P input. Standard deviations are shown
[n=5(lane 1), n = 19 (lane 2), n = 13 (lane 3), n = 14 (lane 4), n = 9 (lane 5)]. (B) Oligonucleotides present in the incubation mixture are protected against DNase.
All samples contained v-liposomes loaded with 33P-labeled oligonucleotide 1 and were incubated for 120 min at 37°C. Subsequent DNase | treatment (2 units
per sample) was performed for 30 min on ice in the presence of 2 mM MgCl, under the conditions indicated. After inhibition of DNase | by the addition of EDTA,
liposomes were lysed and the mixture was subjected to affinity-purification of oligonucleotide 2. Recovery of 33P duplex DNA was determined as described above.

Standard deviations are shown (n = 4).

after lysis, oligonucleotide 2 was accessible to affinity purifica-
tion using streptavidin beads. Streptavidin beads were equili-
brated in wash buffer supplemented with 0.5 mg/ml yeast tRNA
(Boehringer Mannheim), and 50 ul of packed beads were added
to each sample. After 12 hours of incubation on a rotating wheel
at 4°C, beads were collected by centrifugation at 8,000 X g for 2
min. Beads were washed four times with 1.25 ml of ice-cold wash
buffer. After removing the final supernatant, the lids of the tubes
were removed, and the tubes were directly placed into a scintil-
lation vial containing 3 ml of scintillation liquid (Ultima Gold,
Packard). After thoroughly mixing the samples, copurification of
oligonucleotide 1 was analyzed by measuring 33P-derived radio-
activity using a Beckman Coulter LS 6000IC scintillation
counter.

The raw data are expressed as “percent of total input.”
Control samples were prepared that did not contain competitor
to monitor the efficiency of the affinity purification procedure.
On average, 81 = 4% (SD) of radioactivity were recovered.
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Background values were determined by mixing of VAMP-
containing- and syntaxin 1A/SNAP-25-containing liposomes in
the presence of competitor on ice followed by immediate lysis of
liposomes. After correcting for background (typically <2% of
total radioactivity), the fusion signal was expressed as percent of
total 33P input.

Results and Discussion

An Assay to Measure Membrane Fusion Based on Content Mixing.
Content mixing assays typically rely on the detection of fluores-
cence to monitor the intermixing of soluble compounds trapped
in previously separate liposome populations (26-30). Unfortu-
nately, these assay systems turned out to be less suitable to
monitor SNARE-dependent membrane fusion because one of
them [ANTS/DPX system (30)] has been reported not to
provide reliable data when small unilamellar liposomes are
involved (30), such as those reconstituting SNARE proteins
(17), whereas another assay [terbium/dipicolinic acid (30)] is not
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Fig. 3. Kinetic analysis of content mixing. Incubations were carried out as
described in the legend of Fig. 2 and in Materials and Methods. For kinetic
analysis, incubations were scaled up to allow taking samples of 50 ul at the
time points indicated. All experiments were performed without a preceding
preincubation at 0°C. Affinity-purification of biotinylated oligonucleotide 2
was performed as described in Materials and Methods. (A) Comparison of
full-length tc-Syntaxin-containing liposomes with H3-Syntaxin-containing li-
posomes. Purification of biotinylated oligonucleotide 2 and determination of
co-purification of 33P-labeled oligonucleotide 1 was performed as described in
the legend of Fig. 2 and in Materials and Methods. Pf, protein-free. (B)
Influence of the amount of oligonucleotide 2 present in t-SNARE-containing
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usable because Nycodenz, which is used for gradient purification
of SNARE-containing liposomes, interferes with the excitation
spectrum of the [Tb(DPA);]*~ chelation complex. Therefore, we
decided to develop a new and in principle more sensitive assay
that is based on the detection of a radiolabeled fusion product.
A further advantage of this strategy is that it allows the simul-
taneous measurement of lipid mixing (fluorescent product) and
content mixing (radioactive product).

The rationale of the new content mixing assay is illustrated in
Fig. 14. The system is based on complementary oligonucleotides
that reside in separate liposome populations. Upon membrane
fusion and the formation of a continuous luminal space between
fusing vesicles, the formerly separate complementary oligonu-
cleotides are brought into contact, thereby allowing the forma-
tion of double-stranded DNA. This event can be monitored by
5’-33P-labeling of one oligonucleotide [present in v-SNARE-
containing liposomes (“v-vesicles”)] and 5'-biotinylation of the
oligonucleotide present in t-SNARE-containing liposomes (“t-
vesicles”) (Fig. 14). Thus, after lysis of liposomes with detergent,
biotinylated DNA (single- or double-stranded) can be affinity-
purified by using immobilized streptavidin. To prevent fusion-
independent duplex formation of oligonucleotides after lysis, a
large excess (as compared with the concentration of biotinylated
oligonucleotide 2) of a competitor (an oligonucleotide identical
to the biotinylated oligonucleotide with respect to nucleotide
sequence but lacking the 5’ biotin modification) was added to the
incubation. Importantly, this also prevents a possible false-
positive fusion signal based on a potential leakage of oligonu-
cleotides from v- and t-SNARE-containing liposomes. The new
assay is highly sensitive because it monitors the appearance of a
radiolabeled fusion product.

We found that 83 = 9% of 33P-derived radioactivity was
recovered after DNase treatment of liposomes, indicating that
the vast majority of oligonucleotide detected in the gradient-
purified liposome fraction is localized lumenally. Because of the
large excess of competitor present in our incubations, the small
fraction of oligonucleotide facing the outside cannot result in a
false-positive signal. The various liposome preparations were
analyzed for their protein content by using SDS/PAGE (Fig.
1B). H3-t-liposomes were generated by thrombin treatment to
remove the negative regulatory N-terminal Hapc domain (24,
31, 32) of a genetically engineered version of syntaxin 1A (24),
referred to therein as tc-syntaxin 1A.

Lipid Mixing and Content Mixing Correlate. VAMP- and tc-syntaxin
1A/SNAP-25-containing liposomes were incubated in the pres-
ence of oligonucleotide competitor for 2 hours at 37°C. About
15% of total 33P-derived radioactivity introduced with v-vesicles
[from here on referred to as “percent of total 33P input”] was
recovered (Fig. 24) as duplex, measuring contents mixing during
fusion. Similar results were obtained when t-SNARE liposomes
contained wild-type syntaxin instead of thrombin-cleavable syn-
taxin (data not shown). The use of liposomes containing a
t-SNARE complex consisting of SNAP-25 and the H3 core

liposomes on the kinetics of content mixing. Liposomes were prepared as
described in Materials and Methods in the presence of various amounts of
oligonucleotide 2. The standard concentration of oligonucleotide 2 (50 uM
during liposome reconstitution) as used for experiments shown in Figs. 2 and
3A was elevated to 200 uM (4x) or was lowered to 12.5 uM (0.25x), respec-
tively. Under both conditions, t-SNARE-liposomes contained full-length tc-
syntaxin. (C) Analysis of membrane fusion based on lipid mixing. These ex-
periments were performed as described earlier (17), using the same liposome
preparations (containing full-length tc-syntaxin in t-SNARE liposomes) used
for content mixing assays. The fusion signal is expressed as rounds of fusion
applying the calibration curve described in the accompanying paper (24). One
round of fusion is reached when every individual VAMP-containing liposome
on average fused with a t-SNARE-containing liposome.

Nickel et al.
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Fig. 4. The integrity of liposomes is maintained during SNARE-dependent

membrane fusion. (A) Analysis of leakage under fusion and nonfusion con-
ditions. Incubations were performed as described in the legend of Fig. 2 and
in Materials and Methods under the conditions indicated. All incubations
contained VAMP-liposomes loaded with 33P-labeled oligonucleotide 1. Where
indicated, t-SNARE (SNAP25/full-length syntaxin)-containing liposomes (t)
loaded with biotinylated oligonucleotide 2 were replaced by protein-free (pf)
liposomes containing biotinylated oligonucleotide 2. The competitor was
either added at the beginning of the incubation (start) or after 2 hours of
incubation (end) under the condition indicated. In the former case, the signal
represents luminal duplex formation (i.e., content mixing as a result of mem-
brane fusion) whereas, in the latter case, the signal represents luminal duplex
formation plus leakage. Affinity-purification of biotinylated oligonucleotide
2 was performed as described in Materials and Methods. Standard deviations
are shown (n = 4). (B) Kinetic analysis of leakage. Leakage was analyzed as
described in A under nonfusion conditions. In this experiment, fusion was
inhibited by preincubation of t-SNARE (SNAP25/full-length syntaxin) lipo-
somes with the soluble domain of VAMP (final concentration 0.4 mg/ml). For
kinetic analysis, incubations were scaled up to allow taking samples of 50 ul at
the time points indicated followed by addition of competitor. Affinity-
purification of biotinylated oligonucleotide 2 was performed as described in
Materials and Methods.

domain of syntaxin 1A (see above and Fig. 1B) resulted in ~22%
recovery of total 3P input when incubated with VAMP-
containing liposomes (Fig. 24). This increase in fusion efficiency
correlates with the improved kinetics of lipid mixing observed
under this condition (24). The fusion signal was greatly reduced
or absent at 0°C or in the presence of the cytoplasmic domain
of VAMP, which titrates t-SNAREs, or when protein-free

Nickel et al.

liposomes containing biotinylated oligonucleotide were used
(Fig. 2A4).

To confirm the luminal localization of double-stranded DNA
at the end of the fusion reaction, we subjected samples to DNase
treatment in the absence or presence of detergent after the
fusion reaction had been completed. As shown in Fig. 2B, the
majority of the product is resistant to DNase treatment unless
detergent is added.

Kinetics of Content Mixing. By using vesicles prepared under
standard conditions described in Materials and Methods (re-
ferred to as “1x”), the fusion signal increased at a higher rate for
the first 30—60 min and then at a lower rate thereafter (Fig. 34,
closed circles). Removal of the N terminus of syntaxin increased
the initial rate of fusion (Fig. 34, closed squares), such that 50%
of the early, rapid portion of the reaction (likely corresponding
to the first round of fusing v-vesicles) was completed in ~5 min,
in reasonable agreement with the reported increase in lipid
mixing kinetics observed under this condition (24).

In theory, when every t-SNARE-containing vesicle contains
one or more biotinylated oligonucleotides, only the first round of
fusion will be measured (even though lipids initially present in
v-vesicles undergo multiple rounds of fusion under the condi-
tions used (24). When some t-vesicles lack biotinylated oligonu-
cleotide, then fusion of v-vesicles with “unloaded” t-vesicles will
result in hybrid vesicles that still contain single-stranded 33P-
oligonucleotides, which do not score in the assay. However, they
will score in a later round of fusion with a “loaded” t-vesicle.
When empty t-vesicles are in the minority, the assay signal should
stop after one round. When some unloaded t-vesicles are
present, the signal should abruptly slow down but still increase
after one round. When unloaded t-vesicles predominate, the
assay signal should follow the overall fusion reaction with little
or no preferences for the first round (i.e., have similar kinetics
to lipid mixing).

When the degree of loading of t-vesicles was lowered by using
25% of the standard (1X) concentration of biotinylated oligo-
nucleotide during reconstitution (Fig. 3B, 0.25X), the kinetics
resembled that of lipid mixing that measures several rounds of
fusion (24). When the concentration of biotinylated oligonucle-
otide was raised to 4X the standard level (Fig. 3B, 4X), a fast
initial component became prominent, and the signal slows down
after 30-40 min. This breakpoint in the kinetics of content
mixing corresponds closely to one round of fusion in a lipid
mixing assay (24) using the same liposomes (Fig. 3C).

These data extend our earlier observation that lipid mixing
involves both the inner and the outer leaflet of phospholipid
vesicles (17) and directly demonstrate that SNARE proteins are
capable of mediating complete membrane fusion accompanied
by the mixing of luminal content.

SNARE-Mediated Membrane Fusion Does Not Compromise the Integ-
rity of Liposomes. Does leakage occur before, during, or after
fusion if it occurs at all? Leakage could be measured in the
presence or absence of ongoing fusion by comparing the amounts
of duplex oligonucleotides formation in the presence of com-
petitor oligonucleotide with that in the absence of competitor. In
the presence of competitor, the assay signal (as usual) will
represent duplex DNA sequestered inside of fused vesicles. In
the absence of competitor during incubation (competitor is
added just before detergent lysis for analysis), the signal now
results from sequestered duplex DNA and duplex DNA that
forms from single oligonucleotides that leaked out during or
without fusion. When fusion is blocked by applying protein-free
liposomes loaded with biotinylated oligonucleotide, ~19.3 +
0.85% (SD) of total 33P-derived radioactivity was recovered in
duplex DNA when the competitor was added at the end of the
incubation (Fig. 44), indicating that leakage does occur to a
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significant extent in the absence of fusion. Treatment of lipo-
somes with DNase before flotation in a density gradient did not
reduce this leakage [here, 17.9 = 2.5% (SD) leaked in the
absence of fusion], suggesting that the release of externally
bound oligonucleotide is not the main contribution to the
leakage signal. Importantly, we found that leakage is not a result
of fusion because it was not significantly increased in the
presence of fusion (under this condition, the amount of leakage
is the difference between the signals in lanes 1 and 2 of Fig. 44)
as compared with nonfusion conditions (Fig. 44, lane 6). On the
contrary, leakage was found to be temperature-dependent as it
was largely reduced when samples were kept on ice (Fig. 44, lane
4). The leakage process is extremely rapid, being largely com-
plete within 10-15 min at 37°C (Fig. 4B). Thus, leakage [half-
time ~2 min (Fig. 4B)] appears to be unrelated to fusion
[half-time ~30 min for full-length syntaxin (Fig. 34)] because of
the distinct kinetic properties. Evidently, a fraction of the
vesicles spontaneously leaks upon warming up from the low
temperature at which they were prepared. These data indicate
that SNARE-dependent membrane fusion does not compromise
the membrane integrity of fusing liposomes.

Electron microscopy (not shown) demonstrates that vesicles
before and after fusion are monodisperse and exclude negative
stain. This rules out the unlikely possibility that content mixing
occurs in a sequestered space other than the lumen of vesicles
after extensive aggregation and rupture, as has been observed
when calcium is added to pure PS or PS plus DOPE mixtures (33,
34). The liposomes we use contain 85% PC and 15% PS and are
incubated in the absence of calcium. The wide range of diameters
of the reconstituted liposomes [45 £ 15 nm (SD) (17)] limits the
use of electron microscopy for demonstrating fusion based on
the predicted increase in diameter.
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On the basis of negative results using an indirect method, it
had been concluded that, although SNARE complexes dock
membranes, they do not fuse them (10). This conclusion was
based on data establishing a limited inhibitory effect on fusion
when NSF (N-ethylmaleimide-sensitive fusion protein, a protein
normally present in the cytoplasm) is added to a cell-free vacuole
fusion system, together with partial effects on the stability of
SNARE complexes, results that are open to other interpreta-
tions. Furthermore, genetic, biochemical and electrophysiolog-
ical experiments have implicated SNAREs in the overall process
of membrane fusion (35-38). The finding that isolated SNARE
proteins can efficiently fuse lipid bilayers [as detected by both
lipid mixing (17, 24) and content mixing (this study)] directly
establishes that they are the basic machinery that merges mem-
branes (17), a conclusion also confirmed in an elegant study
using permeabilized cells (16). This principle is underscored by
the internal architecture of the SNARE complex, whose “core”
consists of four parallel a-helices with the membrane-spanning
domains emerging at the same end (18, 19). Similar structures
have been reported for viral fusion proteins (23), which is
indicative of the existence of a general mechanism of membrane
fusion.
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