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Summary

The topology of a SNARE complex bridging two
docked vesicles could act as a mechanical couple to
do work on the lipid bilayer resulting in fusion. To test
this, we prepared a series of modified SNARE proteins
and determined their effects on SNARE-dependent
membrane fusion. When two helix-breaking proline
residues are introduced into the juxtamembrane re-
gion of VAMP, there is little or no effect on fusion,
and the same change in syntaxin 1A only reduced the
extent and rate of fusion by half. The insertion of a
flexible linker between the transmembrane domain
and the conserved coiled-coil domain only moderately
affected fusion; however, fusion efficiency systemati-
cally decreased with increasing length of the linker.
Together, these results rule out a requirement for heli-
cal continuity and suggest that distance is a critical
factor for membrane fusion.

Introduction

Members of the SNARE (SNAP receptor) protein family
(Sollner et al., 1993a, 1993b) are key components in
the process of transport vesicle docking and fusion.
Individual SNARE family members are maintained in dis-
crete locations throughout the secretory pathway pro-
viding a roadmap of vesicle flow patterns (Hay and
Scheller, 1997; Linial, 1997; Advani et al., 1998; Nichols
and Pelham, 1998; Steegmaier et al., 1998). The assem-
bly of trans-SNARE complexes (SNAREpins) between
membranes is likely the underlying principle of lipid bi-
layer fusion (Weber et al., 1998; Chen et al., 1999), and
as such, it must be highly regulated in many cell types.
A sequential series of protein interactions, as yet incom-
pletely understood, ensures proper SNARE activation
and vesicle tethering and finally cumulates in proper
SNAREpin formation. The machinery mediating these
events includes proteins such as Rab proteins, their
associated partners (Lazar et al., 1997; Novick and Zer-
ial, 1997; Martinez and Goud, 1998; Schimmoller et al.,
1998), secl family members (Aalto et al., 1991; Cowles
et al., 1994; Pevsner et al., 1994; Schulze et al., 1994;
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Halachmi and Lev, 1996), tethering proteins like p115/
Usolp, giantin, GM130 (Nakajima et al., 1991; Waters
et al., 1992; Nakamura et al., 1995, 1997; Sapperstein
et al., 1995; Orci et al., 1998; Sonnichsen et al., 1998),
and the exocyst complex (TerBush et al., 1996; Kee et
al., 1997; Sacher et al., 1998). Additional general factors
acting on SNAREs are NSF (NEM-sensitive factor; Block
et al., 1988) and SNAPs (soluble NSF attachment pro-
teins; Clary et al., 1990), which alter the conformation
of SNAREs and disassemble v-t SNARE complexes,
thereby regenerating separate v- and t-SNAREs for re-
peated use.

Most SNARE proteins possess a single transmem-
brane domain at their extreme carboxy terminus and
are predicted to have a high propensity to form coiled-
coil structures. Assembled cytosolic domains of SNARE
proteins form very stable structures in all cases that
have been closely examined (Hayashi et al., 1994; Yang
etal., 1999), likely due to their coiled-coil nature. Further-
more, electron microscopic (Hanson et al., 1997b; Hohl
et al., 1998) and biophysical (Lin and Scheller, 1997;
Poirier et al., 1998) analysis of assembled full-length
neuronal SNARE complexes revealed that the trans-
membrane domains of both the v-SNARE VAMP/synap-
tobrevin (Trimble et al., 1988; Baumert et al., 1989; Sud-
hof et al., 1989) and the t-SNARE syntaxin 1A (Bennett
et al., 1992, 1993) emerge at the same end of the 7S or
20S particle establishing a parallel orientation of the
assembled SNARE proteins. These characteristics sug-
gested that SNARE proteins are also directly responsible
for membrane fusion (Hanson et al., 1997a, 1997b; Lin
and Scheller, 1997; Hohl et al., 1998), and this has now
been directly demonstrated with artificial liposomes and
isolated SNAREs (Weber et al., 1998) and confirmed with
permeabilized cells (Chen et al., 1999).

The recently obtained three-dimensional structure of
the neuronal SNARE complex (Poirier et al., 1998; Sutton
etal., 1998) has provided additional information to guide
structure—function studies aimed at clarifying the bio-
physical mechanisms involved in fusion. The crystal
structure confirms the previous biophysical predictions
of coiled-coil structure and provides a structural frame-
work to explain the intrinsic stability of the assembled
SNARE complex. Another striking feature of the core
SNARE complex structure is its overall similarity to the
proposed fusogenic cores of a variety of virally encoded
fusion proteins (Skehel and Wiley, 1998). This similarity
lends compelling indirect support to the proposition that
SNARE proteins are the cellular fusion machinery and
suggests that pin-like structures are a general principle
of fusion processes.

Results

Helical Continuity between the SNARE Core Helix
and the Transmembrane Domain Is Not

Necessary for Membrane Fusion

One of several models for fusion proposes that a
SNAREpin mechanically couples the stable membrane
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Figure 1. Neuronal SNARE Proteins

The amino acid sequence of the full-length SNARE proteins is graphically depicted. Modified regions are magnified to reveal the exact nature
of the changes. Flexibility was introduced into the SNARE proteins by engineering a parent DNA construct that contained a unique restriction
enzyme site in the juxtamembrane region of the SNAREs into which double-stranded oligonucleotides could be inserted. A repeat unit of nine
flexible amino acids was chosen. The linker constructs contain 9, 18, or 27 amino acids intended to introduce flexibility and increase the
physical distance form the core SNARE complex and the membrane interface. The proline-proline constructs were designed to prohibit a
continuation of the membrane spanning helix into the coiled-coil segment and relieve helical strain.

proximal coiled-coil segment to the v- and t-SNARE
transmembrane domains (Weber et al., 1998). This me-
chanical link could simply result from helical continuity
between the juxtamembrane core domain and the trans-
membrane helix (Harbury, 1998; Sutton et al., 1998). The
energy that is generated in the formation of the SNARE
complex could then be used to produce a strained con-
formation in the SNARE proteins making the SNAREpiIn
structure a metastable, high-energy intermediate state
(Harbury, 1998; Sutton et al., 1998; Weber et al., 1998).
The process of bilayer merger would relieve this stress
and return the SNARESs to their lowest energy state.

We began to test these predictions by modifying the
SNARE proteins to relieve this potential strain and mea-
sure the effect in fusion activity. To this end, we intro-
duced two helix-breaking proline residues (Shultz and
Schirmer, 1988) in the juxtamembrane region immedi-
ately preceding the transmembrane domain in both syn-
taxin 1A and VAMP (Figure 1A). The resulting proteins
were expressed in E. coli, purified by affinity chromatog-
raphy, and reconstituted into lipid vesicles. The various
modified proteins were all well expressed but had dis-
similar reconstitution efficiencies. Therefore, differing,
empirically derived amounts of the various SNARE pro-
teins had to be added to each reconstitution to maintain
a constant protein to lipid ratio in v and t vesicle pop-
ulations to allow direct comparison between fusion ki-
netics of vesicles containing modified SNARE proteins
(Figure 2C).

The fusion activity of the modified SNARE proteins
was monitored by the well characterized lipid-mixing
assay (Struck et al., 1981) described in detail previously
(Weber et al., 1998). t-SNARE vesicles are derived from
a mixture of synthetic lipids containing 85 mole percent

phosphatidylcholine (POPC) and 15 mole percent phos-
phatidylserine (DOPS). The v-SNARE vesicles contain
these lipids in addition to the fluorescent lipids NBD-PE
(N-[7-nitro-2,1,3-benzoxadiazole-4-yl]-phosphatidyl-
ethanolamine) and rhodamine-PE (N-[lissamine rhoda-
mine B sulfonyl]-phosphatidylethanolamine). The reso-
nance energy transfer between this fluorescent donor
and acceptor pair is strongly dependent on the distance
between them. Therefore, when fluorescent v-SNARE
vesicles fuse with unlabeled t-SNARE vesicles, the aver-
age distance between the fluorophores is increased
upon lipid dilution producing an increase in the pre-
viously transferred NBD fluorescence. This relief of reso-
nance energy transfer is monitored at the NBD emission
maximum at 538 nm.

Our standard assay makes use of v vesicles that con-
tain an approximately 10-fold higher concentration of
VAMP as compared to the concentration of syntaxin 1A/
SNAP-25 in t vesicles; therefore, to maintain an equimolar
amount of SNARE proteins in the fusion reaction, we
must include an excess of nonfluorescent t vesicles in
our fusion assay (~10:1 ratio). Since the concentration
of unlabeled lipid is higher than that of the fluorescent
lipid, our fusion assay has the potential to yield multiple
rounds of fusion of fluorescent v vesicles. When one
v-SNARE-containing vesicle fuses with one t-SNARE-
containing vesicle, the fluorescent lipid is diluted by half
and, likely, all of the t-SNAREs in the new vesicle are
complexed with VAMP. However, approximately 90%
of the VAMP molecules that were initially present in the
original VAMP vesicle are free to participate in another
round of fusion. As this process continues, the fluores-
cent lipids get progressively more diluted as each round
of fusion occurs. Both of the ongoing processes, dilution
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Figure 2. Helical Continuity between the SNARE Core Domains and
Their Transmembrane Domain Is Not Required for Membrane Fusion
Vesicles with equivalent amounts of t- or v-SNAREs were preincu-
bated overnight at 4°C and fused for 120 min at 37°C. Fusion curves
show a comparison between wild-type SNARE proteins (Syn/SNAP-
25 and VAMP, closed circles) and SNAREs that have been modified
by the insertion of two helix-breaking proline residues in the juxta-
membrane region of VAMP (open circle), syntaxin (closed dia-
monds), or both (open diamonds). The kinetics of fusion are repre-
sented as percent of total NBD fluorescence (A) or rounds of fusion
measured as fold dilution of donor lipid in the reaction (B). (C) Coo-
massie blue-stained gel of the vesicles used in the fusion reaction
indicating equivalent amounts of SNARE proteins in the vesicles
allowing direct comparison.

of fluorescent lipid and the measured relief of resonance
energy transfer, are inherently nonlinear events.
Previously (Weber et al., 1998), the kinetics of the
fusion reaction were conventionally (Hoekstra and Duz-
gunes, 1993) presented as the percent of total NBD
fluorescence present at “infinite” separation (Figure 2A,
fluorescence), determined when the vesicle phospho-
lipids distribute among many detergent micelles upon
addition of detergent. To make it easier to relate this mea-
surement to the efficiency of vesicle membrane fusion,
we now calibrate our data in terms of rounds of fusion

of donor vesicles (Figure 2B). To do this, we directly
determined the relationship between percent of total
NDB fluorescence and fold lipid dilution. This was ac-
complished by premixing fluorescent lipid stock solu-
tions with nonfluorescent lipids in ratios of 1:0.5, 1:1,
1:2,1:4,and 1:8. These prediluted fluorescent lipid mixes
were used to make VAMP vesicles, and the resulting
percent NBD fluorescence was plotted as a function of
fold fluorescent lipid dilution. The resulting curve can
be fitted with a double exponential function relating
these two parameters. The equation of the fitted curve
was subsequently used to convert percent NBD fluores-
cence to fold lipid mixing or rounds of fusion of v vesi-
cles. A detailed description of this calibration will be
published elsewhere (Parlati et al., 1999) and is briefly
described in the Experimental Procedures.

Figure 2A depicts the result of fusion assays per-
formed with the proline-containing SNARE proteins ex-
pressed as percent of total fluorescence. These results
were then converted to rounds of fusion by the calibra-
tion curve described above (Figure 2B).

The introduction of two proline residues in the juxta-
membrane region of VAMP had virtually no effect (Fig-
ures 2A and 2B, compare open and closed circles). In
fact, a slight enhancement was sometimes observed.
However, when the t-SNARE syntaxin contained the he-
lix breakers, both the rate and extent of fusion were
diminished. An approximately 50% reduction in the ex-
tent of fusion at the 2 hr time point was observed (Figures
2A and 2B, compare closed circles and closed dia-
monds). A similar effect occurred when both v and t
sides were modified (Figures 2A and 2B, open dia-
monds). These results demonstrate that, while helical
continuity is not a prerequisite for membrane fusion, it
may enhance the rate 2-fold in the case of the t-SNAREs.

Increasing Distance and Flexibility between the
SNARE Core Helix and the Transmembrane
Domain Progressively Inhibits Fusion
Since helical continuity between cytoplasmic domains
and membrane anchors is not required for fusion, we
examined the effect of increasing distance with a flexible
linker. The linker sequence is composed of the three—
amino acid repeat sequence glycine-glycine-serine re-
peated three times, (GGS);x. These amino acids were
chosen because glycine has no side chain to restrict
rotational freedom and likely adopts a random coil. This
modification served two important functions: first, it re-
lieved potential strain by introducing flexibility, and
second, it extends the SNARE core helix from its trans-
membrane domain and presumably distances SNARE
complex formation from the lipid bilayer interface.

Figure 3 shows the results of the linker mutations. The
introduction of a nine—amino acid linker in the context
of the v-SNARE VAMP has only a modest effect on the
overall rate and extent of fusion (Figure 3A, open circles).
As the length of the linker is increased, a stepwise de-
crease in fusion activity is observed. While this is most
likely the result of increasing the physical distance from
the assembled SNAREpin to the membrane interface,
we cannot rule out the possibility that the linker protein
simply prevents fusion by a steric mechanism.

As seen with the proline mutation, modification of the
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Figure 3. Increasing the Distance between the SNARE Core Domain and the Transmembrane Domain Progressively Inhibits Fusion

Vesicles with equivalent amounts of t- or v-SNARES were preincubated overnight at 4°C and fused for 120 min at 37°C.
(A) Fusion curves comparing wild-type t-SNARE complex with VAMP proteins containing a linker sequence [(GGS);«] of increasing length

(one, two, or three copies).

(B) Fusion curves comparing various linker syntaxins (isolated in a complex with SNAP-25) relative to normal VAMP. The extent of fusion is
represented as rounds of fusion measured as fold dilution of donor lipid in the reaction. Fusion is progressively inhibited by increasing the

length of the linker sequence.

(C) Summary of fusion inhibition by linker SNAREs. All possible combinations of linker SNAREs were used in fusion reactions. The extent of

fusion at 120 min was normalized to the unmodified SNAREs.

(D) Coomassie blue-stained gel of the vesicles used in the fusion reaction in (A)~(C) indicating equivalent amounts of SNARE proteins in the
vesicles allowing direct comparison. The lower band of the SNAP25 doublet is a C-terminal degradation product (Weber et al., 1998).

t-SNARE syntaxin has a more pronounced effect than
the modifications of VAMP. With a single linker insertion,
fusion is reduced to about 50% of normal SNARE pro-
teins (Figure 3B, open circles). This change is likely due
to the relief of helical strain, based on the results seen in
Figure 2. Multiples of the linker sequence progressively
inhibit fusion as was seen in the case of VAMP. SNARE
complex formation appears not to be the limiting factor
since the most extreme case (3X linker) forms SNARE
complexes as efficiently as the wild-type proteins (data
not shown). Figure 3C represents the extent of fusion
for all combinations of linker SNAREs as a percent of
normal, unmodified SNAREs.

Discussion

The identification of SNARE proteins as basic compo-
nents of the cellular fusion machinery based on the de-
velopment of a fusion assay involving isolated SNARE
proteins (Weber et al., 1998) now permits a detailed
analysis of molecular parameters governing protein-
mediated membrane fusion. In this report, we begin

to dissect the fusion mechanism by making selective
modifications of the v- and t-SNARE proteins at the
cytosol-membrane interface. Surprisingly, we find that
changes expected to conformationally uncouple mem-
brane anchors from the body of the SNARE complex
only slightly affect the fusion process. The introduction
of two tandem proline residues had little effect on fusion
(Figure 2), although predictions suggest that the intro-
duction of this pair of helix breakers will lead to the
disruption of an a helix (Shultz and Schirmer, 1988).
Furthermore, work done on the influenza hemagglutin
viral fusion protein has shown that insertion of two pro-
lines, spaced by as many as 16 residues, does not allow
pH-induced helix formation in this region of this well
characterized coiled-coil protein (Qiao et al., 1998).

However, increasing the separation between the
coiled-coil domains and the transmembrane domains
dramatically reduces the efficiency of fusion (Figure 3).
In particular, the fact that a single linker insertion or the
proline mutations in VAMP have little or no effect on
fusion (both of which introduce substantial flexibility)
points to distance as the primary determinant of fusion
efficiency.
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While our results are still compatible with fusion mod-
els that rely on mechanical coupling between the coiled-
coil domains and the transmembrane-spanning seg-
ments, they rule out models in which coupling requires
a continuous helix between them. Rather, and surpris-
ingly, our results suggest that transmembrane domains
tethered by flexible stems, provided they are the right
length, are capable of fusion. Perhaps as SNARE com-
plexes zip up between bilayers, the stems are pulled or
twisted to exert force on apposing bilayers.

Experimental Procedures

DNA Manipulations and Plasmid Constructs

Standard genetic manipulation was performed throughout (Sam-
brook et al., 1989), and all restriction endonucleases were purchased
from New England Bioloabs. Routine polymerase chain reactions
were done with Pwo (Boehringer Mannheim). DNA was routinely
propagated in the strain DH5a (F~,¢80dlacZAM15 AflacZYA-argF]
U169 deoR recAl endAl hsdR17[rc"my*] phoA supE44 X\~ thi-1
gyrA96 relAl; GIBCO-BRL) except for the QuickChange mutagene-
sis, which used XL1-Blue (recAl endAl gyrA96 thi-1 hsdR17 supE44
relAl lac [F' proAB lacl"ZAM15 Tn10 (Tet")]; Stratagene). Protein
expression from plasmids requiring the T7 polymerase was per-
formed in the strain BL21(DE3) (F~ ompT hsdSg[rs"mg~] gal dcm
[DE3]; Novagen).

Construction of Parental Syntaxin and VAMP Constructs

The Hindlll site 3’ of the coding region (bp 5955-5960) in pTW12
(Weber et al., 1998) was removed by digesting with Hindlll, filling in
the overhangs with Klenow, and blunt ligating generating pJM23.
This manipulation generated a unique Nhel site. The same strategy
was employed to remove the Hindlll site 5’ of the T7 terminator
region of the pET3a-derived pTW2 (Weber et al., 1998) generating
pJIM25. A unique Hindlll site was placed in the juxtamembrane re-
gion (Figure 1) of both VAMP (pJM27) and syntaxin (pJM26) by site-
directed mutagenesis utilizing the QuickChange mutagenesis kit
(Stratagene) according to the manufacturers instructions. The oligo-
nucleotides used for this procedure were rSyn1A-H3f (GCAAGGCAC
GCAGGAAGAAGCTTATGATCATCATTTGCTGTGTG), rSyn1A-H3r
(CACACAGCAAATGATGATCATAAGCTTCTTCCTGCGTGCCTTGC),
mMVAMP2-H3f (GGTGGAAAAACCTCAAGCTTATGATCATCTTGGGA
GTG), and mVAMP2-H3r (CACTCCCAAGATGATCATAAGCTTGAGG
TTTTTCCACC). These vectors (pJM26 and pJM27) served as parent
vectors for all subsequent linker insertions.

Generation of Linker and Proline Constructs

The double-stranded oligo GGS-H3f (AGCTCGGTGGTTCCGGTG
GTTCCGGAGGTTCCA) and GGS-H3r (AGCTTGGAACCTCCGGAAC
CACCGGAACCACCG) codes for the nine—-amino acid repeat se-
quence GGSGGSGGS. When this oligo is inserted into the parent
vector(s) in the correct orientation, the 5’ Hindlll site is destroyed
and the 3’ Hindlll site is maintained. Additional amino acids (KL) are
added to the ends of the linker from the obligatory Hindlll restriction
site (Figure 1). This annealed double-stranded oligo was ligated into
the VAMP parental plasmid pJM27 generating pJM29-14, pJM32-3,
and pJM35-19. These constructs contain one, two, or three copies,
respectively, of the double-stranded oligo in the correct orientation.
When the double-stranded oligo was ligated into the syntaxin paren-
tal plasmid pJM26, the following plasmids were obtained: pJM33-1,
pJIM28-3, and pJM31-2, respectively. Again, each construct con-
tains one, two, or three copies of the double-stranded oligo in the
correct orientation. The same procedure was used to create the
proline insertions. The double-stranded oligos, in this case, GPP-
H3f(AGCTCGGTCCGCCGA) and GPP-H3r (AGCTTCGGCGGACCG),
code for the three—amino acid sequence GPP. pJM40-4 is the VAMP
plasmid with this insertion, and pJM39-18 is the syntaxin plasmid
with the GPP insertion. All mutations were confirmed by DNA se-
quence analysis.

Recombinant Proteins
All t-SNARE complexes were made by coexpression with pGEX-
mMSNAP-25 (Weber et al., 1998), which expresses GST-SNAP-25, in

combination with the specific wild-type or linker syntaxin. These
proteins were expresses in the BL21(DE3) (Novagen) bacterial strain
since the syntaxin constructs are based on pET28a and require the
T7 polymerase for expression. Cells expressing t-SNARE complexes
were typically grown in 4 liter volumes in SuperBroth (Bio101) con-
taining 200 wg/mlampicillin and 50 pg/ml kanamycin at 37°C. Protein
expression was induced by the addition of 1 mM isopropyl-3-D-
thiogalacto-pyranoside (IPTG) for 4 hr. The cells were recovered by
centrifugation and resuspended in 40 ml breaking buffer (50 mM
Tris-HCI [pH 8.0], 300 mM KCI, 10% [w/v] glycerol, 10 mM B-mercap-
toethanol, and protease inhibitors [Complete protease inhibitor tab-
lets, Boehringer Mannheim]). After resuspension, 10 ml of 20% (w/v)
Triton X-100 was added. The cells were disrupted by a French press,
and the extract was clarified by an initial centrifugation at 15,000 <
Jave (GS3, Sorvall) for 15 min followed by 184,000 X g.. (Ti 70,
Beckman) for 1 hr. The high-speed supernatant was bound in batch
to 200 mg of glutathione agarose beads (Sigma, equilibrated in
breaking buffer containing 1% [w/v] Triton X-100) for 1 hr at 4°C.
The GSH beads were washed with approximately 40 ml breaking
buffer containing 1% Triton X-100 to remove unbound proteins, then
with thrombin cleavage buffer (50 mM Tris-HCI [pH 8.0], 100 mM
KClI, 10% glycerol, 10 mM B-mercaptoethanol) containing 0.8% (w/v)
n-octyl B-D-glucopyranoside. The detergent exchange was neces-
sary for reconstitution of the t-SNARE complex into vesicles by
detergent dilution and dialysis. The t-SNARE complex was eluted
from the beads by cleavage with thrombin (80 U; Sigma) for 3 hr at
25°C. The protease was inhibited by the addition of (4-[2-aminoethyl]
benzenesulfonylfluoride, HCL) (AEBSF, Calbiochem) to 4 mM, and
the beads were removed by centrifugation.

All VAMP proteins were purified via a carboxy-terminal His; tag
as previously described (Weber et al., 1998). VAMP was also ob-
tained in n-octyl B-D-glucopyranoside for reconstitution by deter-
gent dilution and dialysis.

SNARE Reconstitutions

All full-length SNARE proteins were purified in 0.8%-1.0% (w/v)
n-octyl 3-D-glucopyranoside. Proteins were reconstituted into vesi-
cles as previously described (Weber et al., 1998) by detergent dilu-
tion and dialysis. In Figure 3, all t-SNARE reconstitutions were nor-
malized to account for differing reconstitution efficiencies among
the various linker syntaxins. The following amounts of t-SNARE
complex were added to the respective 500 pl reconstitution: 2.9 mg
wild type, 1.8 mg 1X linker, 0.3 mg 2X linker, and 0.3 mg 3X linker.
While the various linker VAMP proteins reconstituted similarly, the
amount of protein added to the 100 pl reconstitutions was adjusted
to approximately 120 pg to account for differences in protein con-
centration. The fluorescently labeled lipid mix used for Figure 3
contained 81 mole percent phosphatidylcholine and 15 mole percent
phosphatidylserine, 2.0 mole percent NBD-PE (N-[7-nitro-2,1,3-
benzoxadiazole-4-yl]-phosphatidylethanolamine), 2.0 mole percent
rhodamine-PE (N-[lissamine rhodamine B sulfonyl]-phosphatidyl-
ethanolamine), and trace amounts of *H-DPPC. Lipid recoveries for
the t-SNARE vesicles ranged from 80% to 90%, while v-SNARE
vesicles were 50% to 60%.

Fusion Assay and Data Analysis
Because Triton X-100 quenches NDB fluorescence (Struck et al.,
1981; data not shown), we replaced Triton X-100 with n-dodecyl-
maltoside as a nonquenching alternative. In all experiments reported
here, n-dodecylmaltoside (Boehringer Mannheim) was used to de-
termine the maximum NDB signal.

Fusion assays were performed as described in Weber et al. (1998).
A mixture or 45 pl of unlabeled t-SNARE vesicles and 5 pl of fluores-
cent v-SNARE vesicles were preincubated overnight (12-15 hr) at
4°C in a 96-well microtiter plate (Nunc). The plate was placed into
a 37°C fluorescent plate reader (Lab Systems Fluoroscan 1), and
the NBD fluorescence was monitored at 2 min intervals (excitation,
460 nm [half band width, 25 nm]; emission, 538 nm [half band width,
25 nm]). At the end of 120 min, 10 pl of 2.5% (w/v) n-dodecylmalto-
side was added to the reaction to determine the NBD fluorescence
atinfinite dilution. The kinetic fusion data was converted into percent
fluorescence as described (Weber et al., 1998). In all cases, the first
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4 min of each curve were removed to eliminate the decrease in NBD
fluorescence due to the temperature change.

Rounds of fusion were obtained by utilizing a calibration curve
that determines the fold lipid dilution for a given fluorescent percent-
age. A detailed description of this calibration procedure will be
published elsewhere (Parlati et al., 1999), but a brief description
follows. Vesicles were made that contained mixtures of labeled and
unlabeled lipid corresponding to 0.5-, 1-, 2-, 4-, or 8-fold dilution of
donor fluorescent lipid. The NBD fluorescence of these vesicles
relative to the n-dodecyl maltoside signal was determined. This data
was used to generate an equation that describes the relationship
between fold lipid dilution and percent n-dodecyl maltoside signal.
Use of this calibration curve allows the conversion of percent fluo-
rescence into fold dilution of donor lipid. Fold dilution of donor lipid
is identical to round of fusion if one assumes that v-SNARE and
t-SNARE vesicles are approximately the same size and that all vesi-
cles have an equal probability of fusion. The equation used to con-
vert percent dodecylmaltoside signal to fold lipid dilution (rounds
of fusion) in Figure 2, which used 1.5 mole percent of each fluores-
cent lipid, is Y = [0.49666 * %6031 X — [0,50597 * g(~0.053%6"X] where
Y is the fold lipid dilution and X is the percent dodecylmaltoside
signal at a given time interval. An independent calibration curve was
generated for Figure 3 where 2.0 mole percent of each fluorescent
lipid was used. This equation was Y = [0.78043 * e©01519 " %] —
[0.77885 * e(70.03147s'><)]‘
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