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High Cholesterol Obviates a Prolonged Hemifusion Intermediate in Fast
SNARE-Mediated Membrane Fusion

Alex J. B. Kreutzberger,' Volker Kiessling," and Lukas K. Tamm™""
Center for Membrane Biology and Department of Molecular Physiology and Biological Physics, University of Virginia, Charlottesville, Virginia

ABSTRACT Cholesterol is essential for exocytosis in secretory cells, but the exact molecular mechanism by which it facilitates
exocytosis is largely unknown. Distinguishing contributions from the lateral organization and dynamics of membrane proteins to
vesicle docking and fusion and the promotion of fusion pores by negative intrinsic spontaneous curvature and other mechanical
effects of cholesterol have been elusive. To shed more light on this process, we examined the effect of cholesterol on SNARE-
mediated membrane fusion in a single-vesicle assay that is capable of resolving docking and elementary steps of fusion with
millisecond time resolution. The effect of cholesterol on fusion pore formation between synaptobrevin-2 (VAMP-2)-containing
proteoliposomes and acceptor t-SNARE complex-containing planar supported bilayers was examined using both membrane
and content fluorescent markers. This approach revealed that increasing cholesterol in either the t-SNARE or the v-SNARE
membrane favors a mechanism of direct fusion pore opening, whereas low cholesterol favors a mechanism leading to a
long-lived (>5 s) hemifusion state. The amount of cholesterol in the target membrane had no significant effect on docking of
synaptobrevin vesicles. Comparative studies with a-tocopherol (vitamin E) show that the negative intrinsic spontaneous curva-
ture of cholesterol and its presumed promotion of a very short-lived (<50 ms) lipid stalk intermediate is the main factor that favors
rapid fusion pore opening at high cholesterol. This study also shows that this single-vesicle fusion assay can distinguish between
hemifusion and full fusion with only a single lipid dye, thereby freeing up a fluorescence channel for the simultaneous measure-
ment of another parameter in fast time-resolved fusion assays.

INTRODUCTION

Membrane fusion is a fundamental biological process that
constitutes a key step in exocytosis, viral entry, and develop-
ment (1-4). One of the most frequently studied examples of
membrane fusion is the fusion of synaptic vesicles with the
presynaptic membrane that is catalyzed by the exocytotic
SNARESs synaptobrevin-2 (VAMP-2), SNAP-25, and syn-
taxin-la (5-8). The successful reconstitution of the vesicle
(v-) SNARE synaptobrevin-2 and the target membrane (t-)
SNARE:S syntaxin-1a and SNAP-25 into opposing proteolipo-
somes provided the ultimate evidence that SNARESs alone are
sufficient to fuse two distinct lipid bilayer membranes (9,10).

Membrane cholesterol is well known to be necessary for
efficient exocytosis of synaptic vesicles in neurons (11-13)
and cortical vesicles in sea urchins (14—16). Cholesterol has
also been shown to recruit SNAREs and other secretory pro-
teins into clusters in the plasma membranes of secretory cells
(17-25). Although clearly dependent on cholesterol, these
clustered protein domains differ from classical lipid rafts
because they are not colabeled with typical raft markers
(23). Cholesterol-dependent clusters of syntaxin-la have
also been found when syntaxin-1a was reconstituted into sin-
gle-phase model membranes that were devoid of any lipid
rafts (26,27). In addition, cholesterol is highly enriched in
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secretory vesicles (28-30) where it has been implicated in
promoting membrane fusion (14,15). Previous reconstitution
studies have shown that cholesterol accelerates SNARE-
mediated fusion in lipid mixing assays (31,32), but the reasons
for this acceleration were only partially addressed.

Although it is clear that cholesterol plays an important
role in SNARE-mediated membrane fusion, the molecular
mechanism by which it facilitates fusion remains elusive.
Possible explanations for cholesterol’s role in fusion might
include the segregation of membrane proteins into domains
(18-26,33,34), its ability to order membrane lipids (35,36)
and changing membrane fluidity (37), as well as its potential
to stabilize negatively curved lipid structures that are thought
to be intermediates on the path to membrane fusion (38—40).
These different modes of action of cholesterol could poten-
tially apply to either increase the rates of docking of v- and
t-SNARE vesicles or they could increase the intrinsic rates
of fusion after cognate SNARE vesicles have docked.

Most fusion assays do not distinguish between vesicle
docking and fusion. For example, the traditional bulk lipid
mixing fusion assays that are commonly used to measure
the activity of SNAREs record the combined evolution of
docking and fusion (9,10). To distinguish between docking
and fusion, single-vesicle fusion assays have been developed
in several laboratories including our own (41-46). Because
these assays discriminate between docking and fusion,
intrinsic rates of fusion that occur on millisecond timescales
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can be measured directly and independent of docking that
occurs on minute timescales and thereby dominates the
measured rates in bulk fusion assays (44). Single-vesicle
fusion approaches have proved useful in studying the effects
of several membrane properties, including lipid composition
and membrane curvature, on the rates and cooperativity of
SNARE:s in fusion (47,48). Therefore, these methods are
well suited to examine the role of cholesterol on the initiation
of fusion involving the mixing of lipids of the two apposed
membranes, i.e., hemifusion, and the opening of the initial
fusion pore on timescales that were not previously accessible.
Applying this approach we find that cholesterol in the v- and
t-SNARE membranes has little or no effect on docking,
but increases the probability of proceeding quickly to full
fusion thereby avoiding long-lived nonproductive hemifu-
sion intermediates.

MATERIALS AND METHODS
Materials

The following materials were purchased and used without further purification:
porcine brain L-a-phosphatidylcholine (bPC), porcine brain L-a-phosphati-
dylethanolamine (bPE), porcine brain L-a-phosphatidylserine (bPS), and
1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B
sulfonyl) (Rh-DOPE) were from Avanti Polar Lipids (Alabaster, AL); 1,1°-
dioctadecyl-3,3,3”,3’-tetramethyl-indodicarbocyanine perchlorate (DiD) and
sulforhodamine B were from Life Technologies (Frederick, MD); cholesterol,
octyl-B-D-glucopyranoside (80G), sodium cholate, 2,2°,2,2°”-(ethane-1,2-
diyldinitrilo)tetraacetic acid (EDTA), and glycerol were from Sigma (St.
Louis, MO); 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate
(CHAPS) were from Anatrace (Maumee, OH); 2-[4-(2-hydroxyethyl)pipera-
zin-1-yl]ethanesulfonic acid (HEPES), potassium chloride (KCI) were from
Research Products International (Mount Prospect, IL); chloroform, ethanol,
Contrad detergent, all inorganic acids, bases, and hydrogen peroxide were
from Fisher Scientific (Fair Lawn, NJ). Water was purified first with deioniz-
ing and organic-free 4 filters (Virginia Water Systems, Richmond, VA) and
then with a NANOpure system from Barnstead (Dubuque, IA) to achieve are-
sistivity of 18.2 MQ/cm.

SNARE protein expression and purification

SNARE proteins from Rattus norvegicus cloned in pET28a vector were ex-
pressed in Escherichia coli (E. coli) BL21(DE3) cells and purified as
described in previous studies (49,50). The cysteine-free variant of SNAP-
25A consisted of residues 1-206 and synaptobrevin-2 (syb2) constructs
included residues 49-96, 1-96, or 1-117. The acceptor SNARE complex
(AN complex) was a 1:1:1 ratio of syntaxin-la (syxla) (residues 183-
288), SNAP-25, and syb49-96 and was purified from BL21(DE3) cells ex-
pressing all three proteins simultaneously, using the pET28a vector for
SNAP-25A and the pETDuet-1 vector for syx183-288 and syb49-96 (51).
The complex and full-length syb2 were purified by Ni*"-NTA affinity chro-
matography followed by ion exchange chromatography using MonoQ or
MonoS columns in the presence of 15 mM CHAPS (51).

Content- and lipid-labeled v-SNARE
proteoliposomes

Syb2 proteoliposomes containing 100 mM sulforhodamine B and lipid
compositions as above were prepared as previously reported in Kiessling
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etal. (52). The desired lipids mixed in organic solvents were evaporated un-
der a stream of N, gas and placed under vacuum for 1 h. The dried lipid
films were dissolved with 118 uL of 110 mM BOG in reaction buffer
(20 mM HEPES, 150 mM KCl, pH 7.4) containing 100 mM sulforhod-
amine followed by the addition of appropriate volumes of synaptobrevin-
2 to reach final volumes of ~180 uL and the desired lipid-to-protein ratio
of 400. After 1 h of equilibration, the mixture was diluted to a final volume
of 550 uL and a BOG concentration of ~24 mM with buffer containing
100 mM sulforhodamine B. This lipid/detergent/protein mixture was then
loaded on a G-50 superfine Sephadex (GE Healthcare, Piscataway, NJ) col-
umn to remove free detergent and the labeled proteoliposomes were
collected and used within 48 h. The average diameter of the resulting pro-
teoliposomes was determined by electron microscopy (see Results).

Proteoliposome reconstitution with t-SNAREs

Proteoliposomes with 4N complex were formed by rapid dilution and dial-
ysis of sodium cholate from the respective proteins in detergent and bPC
and cholesterol at the indicated ratios (44,53). The lipid-to-protein ratios
were 1000. Lipids were mixed in chloroform and dried on the bottom of
glass test tubes under a stream of nitrogen. The dried lipid films were dis-
solved with sodium cholate in reaction buffer (20 mM HEPES, 150 mM
KCl, pH 7.4) followed by addition of the appropriate concentrations of pro-
tein and detergent-free buffer to obtain a solution of 25 mM sodium cholate
in a final volume of 180 uL. The lipid, protein, and detergent mixtures were
equilibrated at room temperature for 1 h and then diluted by addition of re-
action buffer to a final volume of 550 uL to a concentration below the crit-
ical micellar concentration. Samples were then dialyzed overnight against
500 mL of reaction buffer at 4°C with one buffer change.

Acceptor t-SNARE complex-containing planar
supported bilayers

Planar supported bilayers with reconstituted AN complex were prepared by
the Langmuir-Blodgett/vesicle fusion technique as described in previous
studies (44,54,55). Quartz slides were cleaned by boiling in Contrad deter-
gent for 10 min, using hot bath-sonication while still in detergent for
20 min, and rinsing thoroughly with deionized water. Immediately before
use, the slides were further cleaned for 1 to 2 min in an argon plasma ster-
ilizer (Harrick Scientific, Ossining, NY). The first leaflet of the bilayer was
prepared by Langumir-Blodgett transfer directly onto the quartz slide. A
lipid monolayer of the desired bPC:cholesterol ratio was prepared on a
pure water surface in a Nima 611 Langmuir-Blodgett trough (Nima,
Conventry, UK) by applying the lipid mixture from a chloroform solution.
After allowing the solvent to evaporate for 10 min, the monolayer was com-
pressed at a rate of 10 cm?/min to reach a surface pressure of 32 mN/m.
After equilibration for 5 to 10 min, a clean quartz slide was rapidly
(200 mm/min) dipped into the trough and slowly (5 mm/min) withdrawn,
while a computer maintained a constant surface pressure and monitored
the transfer of lipids with headgroups down onto the hydrophilic substrate.
Proteoliposomes containing t-SNARE acceptor complex (77 uM total lipid
in 1.3 mL) were added and incubated at room temperature for 2 h to intro-
duce the protein complex and form the second leaflet of the supported
bilayer. Excess unfused proteoliposomes were then removed by perfusion
with 10 mL of reaction buffer containing 100 uM EDTA.

Cofloatation assay

The efficiency of protein insertion into liposomes was checked by a proce-
dure similar to that described by Hernandez et al. (56). Liposomes contain-
ing t-SNAREs (50 uL) were mixed with 80% Nycodenz (Axis Shield,
Dundee, Scotland) in a 250 uL centrifuge insert to make a 40% Nycodenz
solution. Then 50 pL of 30% Nycodenz was layered onto the 40%
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Nycodenz layer followed by a layer of 50 uL liposome buffer on top. The
density gradient was centrifuged for 1.5 h in a Beckman TL-100 ultracen-
trifugre with a TLS5S5 rotor at 197,000 g and 4°C. Upon completion, 20 uL
aliquots were carefully taken from the top of the gradient. Samples were
then separated by SDS-PAGE and transferred to nitrocellulose filters (Invi-
trogen, Grand Island, NY); membranes were washed with Tris-buffered
saline with 0.1% (v/v) Tween-20 (TBST, Invitrogen) and blocked in
TBST with 2.5% (w/v) milk. Proteins were detected using an anti-SNAP-
25 antibody (Synaptic Systems, Gottingen, Germany) and a horseradish
peroxidase-conjugated monoclonal mouse secondary antibody that was
visualized by chemiluminescence.

Total internal reflection fluorescence microscopy

Experiments were carried out on a Zeiss Axiovert 200 fluorescence micro-
scope (Carl Zeiss, Thornwood, NY), equipped with a 63 x water immer-
sion objective (Zeiss; N.A. = 0.95) and a prism-based total internal
reflection fluorescence (TIRF) illumination system. The beams of the
514 nm line of an argon ion laser (Innova 90C, Coherent, Palo Alto,
CA), controlled through an acousto-optic modulator (Isomet, Springfield,
VA), and a diode laser (Cube 640, Coherent) emitting light at 640 nm were
directed (72° from the normal) into a prism above the quartz slide to
illuminate the sample by total internal reflection with a characteristic
penetration depth of ~102 and ~130 nm for the 514 and 647 nm lasers,
respectively. The prism-quartz interface was lubricated with glycerol to
allow easy translocation of the sample cell on the microscope stage. A
OptoSplit (Andor-Technologies, South Windsor, CT) was used to separate
the fluorescence from the lipid and soluble dyes. Fluorescence signals
were recorded by an electron-multiplying charge-coupled device camera
(iXon DV8S7ESC-BV, Andor, Belfast, UK). The EMCCD camera was
cooled to -70°C and the electron gain factor was typically set to 240.
The laser intensities, light-blocking shutters, and cameras were controlled
by a homemade program written in LabVIEW (National Instruments, Aus-
tin, TX).

Single-vesicle fusion assay

Acceptor t-SNARE complex-containing planar supported bilayers were
perfused with 3 mL syb2 proteoliposomes (~0.6 uM lipid) containing lipid
and content labels. The fluorescence from the proteoliposomes was re-
corded with the 514 and 640 nm lasers using a EMCCD camera gain of
240. After focusing the microscope in the first 60 s after injecting the
syb2 proteoliposomes, 5,000 images every 50.3 ms with 50 ms exposure
times were taken and spooled directly to the hard drive. Two spooling
sets were taken for each prepared bilayer and the averages of each spooling
set were used to determine the efficiencies of hemifusion and direct full
fusion. Although we used the AN acceptor complex that contains the C-ter-
minal syb peptide to block formation of a nonproductive 2:1 complex, we
have recently obtained similar results with a differently prepared 1:1
acceptor complex that lacks the syb peptide.

Single-vesicle fusion data were analyzed using a homemade program
written in LabView (National Instruments). Stacks of images were
filtered by a moving average filter. The intensity maximum for each pixel
over the whole stack was projected on a single image. Vesicles were
located in this image by a single-particle detection algorithm described
in Kiessling et al. (57). The peak (central pixel) and mean fluorescence
intensities of a 5 x 5 pixel® area around each identified center of mass
were plotted as a function of time for all particles in the 5000 images
of each series. The exact time points of docking and fusion were deter-
mined from the central pixel (44). Cumulative distributions were deter-
mined from the time of docking to the time of fusion for individual
fusion events and the fusion efficiency was determined from the number
of vesicles that underwent fusion compared with the total number of ves-
icles that docked.
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Docking assay

Different amounts of proteoliposomes containing syb2 (54:20:5:20:1 of
bPC:bPE:bPS:Chol:Rh-DOPE) made using the sodium cholate method
described above were injected into the planar supported bilayer chamber
and the total amount of fluorescence in the TIRF field was monitored
over time. Early images were analyzed to determine the average fluores-
cence signal per liposome and this was used to convert fluorescence signal
into number of liposomes bound.

Cryoelectron microscopy

Samples were applied to either c-flat or quantifoil holey carbon grids,
blotted to near dryness, and plunged into a slurry of liquid ethane. Images
were recorded at magnifications of 11,000x or 30,000x under low elec-
tron-dose conditions (~20 e’//&z) using a 4k x 4k CCD camera (Gatan,
Pleasanton, CA) fitted to a Tecnai F20 electron microscope.

Phosphate assay

Lipid concentrations were assayed by the Bartlett phosphate method (58)
modified as described in Pokorny et al. (59). Appropriate volumes of stan-
dards and samples were pipetted and adjusted to 300 uL. with distilled wa-
ter. Then 700 uL of 70% HCIO,4 was added. All tubes were covered with
glass marbles and placed at 200°C for 30 to 60 min. Samples were then
removed and allowed to cool, followed by addition of 2 mL 1% (w/v)
ammonium molybdate and finally 2 mL 4% (w/v) ascorbic acid. The tubes
were incubated at 37°C for 1 h, removed and cooled to room temperature
before the absorbance was read at 700 nm.

Protein assay

The Pierce BCA protein assay kit from ThermoScientific was used accord-
ing to manufacturer’s directions.

RESULTS

Reconstituted synaptobrevin-2 proteoliposomes containing
the membrane label DiD and the soluble content marker
sulforhodamine B (52) dock to planar supported bilayers
containing acceptor t-SNARE complexes in a SNARE-spe-
cific manner as was previously demonstrated (44,47,60). As
shown in our earlier work, no docking (or fusion) of syb2
proteoliposomes was observed in the absence of either of
the SNARE molecules or in the presence of the soluble
syb1-96 inhibitor peptide (Fig. S1 in the Supporting Mate-
rial). Docking was not dependent on the cholesterol concen-
tration in the supported bilayer (Fig. S2). Based on the
fluorescence signals that were extracted from 1.25 X
1.25 um? regions of interest around docking liposomes we
distinguish four characteristic types of events: Fig. 1 /, dock-
ing (without fusion); Fig. 1 /I, hemifusion; Fig. 1 /71, direct
full fusion; and Fig. 1 IV, two-step fusion with a resolvable
hemifusion intermediate. Events were classified as docking
when syb2 proteoliposomes entered the TIRF field and
remained stationary at the planar supported bilayer with
constant fluorescent intensities of the membrane and content
dyes (Fig. 1 I). Note that sulforhodamine B was included
at self-quenching concentrations in these experiments

Biophysical Journal 109(2) 319-329
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V. FIGURE 1 Four characteristic types of events
observed in the single-vesicle fusion assay. The

' ‘ first row is a representative illustration of each
type of event. The green (upper) traces are fluores-

N\ cence intensity traces of the sulfurhodamine B con-

tent dye and the red (lower) traces are fluorescence
intensity traces of the DiD membrane dye. (1)
Docking of syb2 proteoliposomes is characterized
by an increase in the membrane dye fluorescence
caused by the liposome entering the TIRF field.
This trace remains constant with no changes after
the initial docking. Only a low background signal
is observed for the content dye because sulforhod-
amine B is included at self-quenching concentra-
tions in these experiments. (/I) Hemifusion of
syb2 proteoliposomes is characterized by a
decrease of the membrane dye fluorescence to

T

3 1

|

01 2 3 4 5
Time (s)

approximately half of the docked fluorescence
signal. The content dye does not dequench in these
events. (/1) Direct full fusion of syb2 proteolipo-
somes is characterized by a decrease of the mem-
brane dye fluorescence to baseline levels. The

decrease of the membrane dye signal is paralleled by an increase of the content dye fluorescence that is attributable to dequenching, followed by a decrease
attributable to diffusion of the dye into the cleft between the supported membrane and support. (/V) Occasionally, after a hemifusion event has been observed
and the membrane dye fluorescence has leveled at approximately half-full intensity, a second decrease of the membrane dye fluorescence back to the back-
ground level occurs. This second drop of the signal is paralleled by a dequenching of the content dye. The four shown events are not plotted to scale attribut-
able to differences in individual liposome sizes, their positions in the nonuniformly illuminated TIRF field and other optical and dye variations. To see this

figure in color, go online.

resulting in fluorescence signals below the detection limit
before fusion pore opening. Events were classified as hemi-
fusion when the membrane dye fluorescence decreased to
about half of its original intensity and the content dye fluo-
rescence stayed constant (Fig. 1 /I). Direct full fusion was
characterized by dequenching of the content dye and a
decrease of the membrane dye signal to baseline levels
(Fig. 1 III). Subsequently the content dye decreases indi-
cating diffusion out of the region of interest within the nar-
row cleft between the quartz support and planar bilayer at
rates slower than those described for vesicle bursting events
(61,62). No other events were regularly observed. To prove
that fusion can be readily distinguished from vesicle
bursting, we performed experiments, in which we deliber-
ately let sulforhodamine B-loaded vesicles burst on a lipid
monolayer-coated quartz slide. Fig. S3 shows that bursting
events exhibit much faster three-dimensional dye diffusion
than controlled fusion events with pseudo—two-dimensional
dye diffusion in the cleft. Therefore, the two processes can
be readily distinguished.

The reason for the lipid signal to decrease only half-way
in hemifusion and all the way in full fusion is that only the
proximal leaflets of the fusing lipid bilayers merge in hem-
ifusion, but both leaflets merge and the lipids eventually
diffuse into the large reservoir of the planar supported
bilayer in full fusion. Events, in which the membrane fluo-
rescence decays to the baseline in two distinct steps were
classified as two-step hemifusion to full fusion processes
(Fig. 1 1V). These events were rather rare (less than 2%
of all observed events). In some cases the content dye de-
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quenching was not followed by a decay of the fluorescence
to the baseline level (Fig. 1 /V). Fig. S4 shows a relatively
rare example of direct full fusion with the dequenched
content dye not leaving the location of the liposome and
an example of a two-step fusion event, in which the con-
tent fluorescence decreased to the baseline within 1 s.
The same four characteristic membrane dye traces have
been previously observed in the case of DNA-lipid conju-
gate mediated membrane fusion (63). Entire recording
times of typical docking and fusion traces are shown in
Fig. S5.

The fusion of syb2 proteoliposomes with a constant
20 mol % concentration of cholesterol was monitored
with increasing concentrations of cholesterol in the planar
supported target membrane. Changes in target membrane
cholesterol did not affect overall protein concentrations
or their efficiencies of insertion into the proteoliposomes
that were used to form the planar supported bilayers
(Fig. S6). In the absence of cholesterol, ~80% of all fusion
events were hemifusion events. However, when cholesterol
was increased in the target membrane, direct full fusion
events increased gradually until they reached ~80% of
all fusion events at 40 mol % cholesterol (Fig. 2 a). We
extracted the delay times between docking and the onset
of fusion or hemifusion for all events. Normalized cumu-
lative distribution functions (CDFs) of these time delays
were constructed as shown in Fig. 2, b and c, respectively.
These are kinetic curves representing the fusion and hemi-
fusion reactions, respectively, without any contribution
from vesicle docking. The kinetic data were fit to several
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FIGURE 2 Summary of direct full fusion and
hemifusion events obtained from single-vesicle
fusion assays as a function of cholesterol in the
planar supported target membrane. (a) Relative
fractions of direct full fusion (black) and hemifu-
sion (red or gray) at different mol % of cholesterol
in the planar target membrane after 5 s. The numer-
ical values are 23 = 6%, 35 = 9%, 46 * 11%,
63 * 9%, and 80 = 7% full fusion and 77 =+

1 6%, 65 + 9%, 54 = 11%, 37 + 9%, and 20 +
1 2 3 4 5 79 hemifusion of the total number of fusion events

Time (s) (total numbers are shown in Table 1), respectively,
at 0, 10, 20, 30, and 40 mol % cholesterol. (b) Cu-

mulative distribution functions of direct full fusion events normalized to the efficiencies of total docking events, which were 9 + 3%, 14 + 4%, 19 * 6%,
22 * 5%, and 29 £ 5% for (from bottom to top) 0 (black), 10 (red), 20 (blue), 30 (green), and 40 (purple) mol % cholesterol, respectively, in the planar target
membrane. (¢) Cumulative distribution function of hemifusion events normalized to the efficiencies of total docking events, which were 30 = 6%, 26 + 6%,
22 + 6%, 14 = 5%, and 7 * 4% for (from top to bottom) 0 (black), 10 (red), 20 (blue), 30 (green), and 40 (purple) mol % cholesterol, respectively, in the

planar target membrane. To see this figure in color, go online.

models including the following very simple first-order rate
law:

A—B
and the following rate law with two consecutive steps:
A—B—C

characterized by two different rate constants, k; and k,. The
single-step rate law did not result in good fits for all exper-
imental data, whereas the two-step rate law reproduced the
experimental data very well. More complex kinetic models
were not needed to explain the data. A summary of all
recorded events under different conditions is shown in Ta-
ble 1. The rate constants derived from the kinetic fits of
the two-consecutive step model are shown in Table 2. The
processes are characterized by a slower rate of ~1 s™' that
is quite independent of the type of fusion and the cholesterol
concentration and a faster rate on the order of 3 to 20 s~ '
that is a little more, but not strongly process- and choles-
terol-dependent. The kinetic models do not a priori assign
the order of the fast and slow processes in the above scheme.

The single events characterized in Fig. 1 suggest that the
intensity traces originating from the membrane dye fluores-

TABLE 1 Summary of events at different cholesterol
concentrations in the planar supported bilayer

cence might be sufficient to distinguish between hemifusion
and full fusion. To further verify this we measured the fluo-
rescence intensity of the membrane dye before docking,
after docking, and after fusion (hemi- or full) for all fusion
events of the series with increasing cholesterol concentra-
tion in the supported target membrane (Fig. 2). These data
were used to determine the percentage of membrane dye
fluorescence that had diffused into the planar membrane af-
ter fusion for each cholesterol condition (Fig. 3, a—e). The
ratios of direct full to hemifusion events were calculated
from these histograms and compared with those obtained
from the content mixing assay shown in Fig. 2 a. The results
obtained by the two independent methods correlated very
well as shown in Fig. 3 f, proving that hemi- and full fusion
can be readily distinguished in these experiments by moni-
toring the evolution of the lipid dye fluorescence only.

To determine if cholesterol in the vesicle membrane has
similar effects on hemi- and full fusion as in the planar target
membrane, we changed the cholesterol concentration in
syb2 proteoliposomes from 0 to 40 mol % while keeping
the cholesterol concentration in the planar target membrane
constant at 20 mol %. Because membrane curvature can in-
fluence the efficiency and kinetics of SNARE-mediated
membrane fusion (48), we first examined if cholesterol
changed the size of the reconstituted syb2 vesicles. Indeed,
when the cholesterol concentration was increased, the
mean diameter of the proteoliposomes as determined by

Total No. of ~ Total No. of  Total No. of TABLE 2 Rate constants (k (s~ ")) derived from fits of the data
Cholesterol ~ Direct Full ~ Hemifusion Docked No. of of Fig. 2, band c, to the two-step model of direct full fusion and
(%) Fusion Events Events Liposomes  Experiments hemifusion
0 132 437 1418 8 Direct Full Fusion Hemifusion
10 253 472 1855 12 ‘ — - — =
20 370 412 1973 7 Cholesterol (%) k; (s7) ky (s7) ki (s7) ky, (s7)
30 537 313 2520 8 0 0.73 = 0.06 18 £7 0.75 £ 0.06 29 + 04
40 604 142 2105 7 10 1.00 £ 0.06 16 =4 0.80 £ 0.05 4.6 = 0.6
e A sz 1= 0mson 02

& P 8 P 40 117 £ 004 13+2 14 +0.1 11 +3

each condition.
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20, (d) 30, and (e) 40 mol % cholesterol in the planar target membranes.
Fluorescence intensities of each fusion event were measured before syb2
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and the percent membrane dye diffusion into the planar membrane.
The correlation coefficient is 0.92 * 0.04. The red (or gray) square repre-
sents an independent experiment using 20% cholesterol where only a
rhodamine-DOPE membrane label was used instead of the DiD membrane
and sulforhodamine B content labels, indicating that the DiD signal is not
contaminated by bleed-through from sulforhodamine B fluorescence. To
see this figure in color, go online.

cryoelectron microscopy increased from ~25 nm in the
absence of cholesterol to ~40 nm at 20 and 40 mol % choles-
terol (Fig. 4, a—c). More examples of cryoelectron micro-
scopy images are shown in Fig. S7. The influence of
cholesterol in the syb2 proteoliposomes on the fusion effi-
ciencies was similar to the ones observed when cholesterol
was increased in the acceptor complex-containing target
membrane. The proportion of direct full fusion events
increased substantially at the expense of long-lived hemifu-
sion events when cholesterol was increased in the syb2
proteoliposomes (Fig. 4 d). The normalized cumulative dis-
tribution functions of the fusion delay times for direct full
fusion and hemifusion are shown in Fig. 4, e and f, respec-
tively. A summary of all recorded events under different con-
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ditions is shown in Table 3. The kinetic data could again be
best fitted to the consecutive-step model and the derived ki-
netic rate constants are shown in Table 4. As with cholesterol
in the planar target membrane, the two rates were on the or-
dersof 1 s 'and 10s .

Our result that increased cholesterol concentrations in the
target and vesicle membranes promote direct full fusion vis-
a-vis hemifusion indicates that cholesterol plays an impor-
tant role in fusion pore opening. A large body of previous
work has suggested that membrane components that alter
the intrinsic spontaneous curvature of membranes are very
important contributors of membrane fusion (3,15). Because
cholesterol is well known to induce negative spontaneous
curvature (0.040 10\'1) in lipid bilayers (39), we wanted to
know if this property of cholesterol is critical for suppress-
ing long-lived hemifusion and promoting direct full fusion
events. a-Tocopherol (vitamin E) is an even stronger nega-
tive spontaneous curvature-promoting agent (0.073 A in
lipid bilayers than cholesterol (15,64). Because a-tocoph-
erol provides on a molar basis ~1.82 times more negative
intrinsic spontaneous curvature to a lipid bilayer than
cholesterol, we added 10 and 20 mol % «-tocopherol to
the supported planar target membrane and used the single-
vesicle fusion assay to measure the fusion of syb2 proteoli-
posomes that contained the standard 20 mol % cholesterol.
As with cholesterol, the proportions of direct full fusion to
hemifusion increased as the amount of a-tocopherol in the
target membrane was increased (Fig. 5 a). Indeed, when
compared at the same mol fraction, a-tocopherol was about
twice as powerful as cholesterol in favoring direct full
fusion over long-lived hemifusion. Specifically, the direct
full fusion fractions for «-tocopherol over cholesterol
were ~1.4 and ~1.7 at 10 and 20 mol % of the two curvature
agents, respectively. This result strongly suggests that the
negative intrinsic spontaneous curvature of cholesterol is
primarily responsible for its role in promoting direct full
fusion. However, when the fusion kinetics are compared,
the rates of hemifusion and direct full fusion were both
slower in the presence of a-tocopherol than in the presence
of cholesterol (Fig. 5, b and c), indicating that the more
compact cholesterol fits better into transition states of
fusion than the more flexible a-tocopherol. The kinetics
with a-tocopherol are not well described by the single or
the two-consecutive-step kinetic models, and we did not
attempt to fit these data. A summary of all recorded events
under different conditions with a-tocopherol is shown in
Table 5.

DISCUSSION

Cholesterol is enriched in synaptic vesicle and presynaptic
plasma membranes and modulates the localization and
function of many secretory proteins including SNAREs
(18,21,26,32,65) synaptophysin (29,65,66), synaptotagmins
(67,68), and synaptic calcium channels (19,69). Moreover,
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FIGURE 4 Summary of direct full fusion and
hemifusion events obtained from single-vesicle
fusion assays as a function of cholesterol in syb2
proteoliposome membrane. (a—c) Size distributions
of syb2 proteoliposomes measured by cryoelectron
microscopy for proteoliposomes containing (a) 0,
(b) 20, and (c) 40 mol % cholesterol. Insets are
example images for each condition with scale
bars of 50 nm. (d) Relative fractions of direct full
fusion (black) and hemifusion (red or gray) at
different mol % of cholesterol in the syb2 proteoli-
posome membrane after 5 s. The numerical values
are 26 = 8%, 46 = 11%, and 76 = 6% of direct
full fusion and 74 = 8%, 54 = 11%, and 24 * 6%
hemifusion of the total number of fusion events
(total numbers are shown in Table 3), respectively,
at 0, 20, and 40 mol % cholesterol. (¢) Cumulative
distribution function of direct full fusion events
normalized to the efficiencies of total docking
events, which were 12 = 4%, 19 += 6%, and
23 + 2% of total number of events for (from bot-
tom to top) 0 (black), 20 (blue), and 40 (purple)
mol % cholesterol, respectively, in the syb2 proteo-
liposome membrane. (f) Cumulative distribution

20 40 60
Diameter (nm)

80

Time (s)

function of hemifusion events normalized to the efficiencies of total docking events, which were 35 = 7%, 22 = 6%, and 7 * 2% hemifusion of the total
number of events for (from top to bottom) 0 (black), 20 (blue), and 40 (purple) mol % cholesterol, respectively, in the syb2 proteoliposome membrane. To see

this figure in color, go online.

numerous reports have shown that cholesterol plays an
important role in synaptic vesicle fusion (11-13). However,
the precise molecular mechanism, by which cholesterol
acts on synaptic vesicle fusion, has not been elucidated.
Because it is now well established that SNARE:s are the cen-
tral players in synaptic vesicle fusion, the role of cholesterol
on the molecular mechanism of SNARE-mediated fusion is
best studied in a reconstituted system. The reconstituted
fast single-vesicle fusion system that we have developed is
ideal for this purpose because it readily distinguishes be-
tween vesicle docking and fusion (44), their dependence on
different lipid components (47), as well as its ability to
distinguish between hemi- and full fusion (this study).
This reconstituted system also recapitulates the fusion of
purified synaptic vesicles (52). Investigating the effects of
cholesterol on fusion in a reconstituted system allowed us
to directly assess its effects on SNARE-mediated membrane
fusion without confounding additional effects on other
proteins that may be present in cellular systems. As shown

TABLE 3 Summary of events at different cholesterol
concentrations in the syb2 proteoliposomes

Total No. of  Total No. of Total No. of

in Fig. S2, we did not detect any significant differences in
docking when cholesterol concentrations were changed in
the target membrane and we do not anticipate that this would
change by increasing cholesterol in the vesicle membrane.

Using the reconstituted single-vesicle fusion assay, we
found that hemifusion is the dominant mode of fusion at
low cholesterol concentrations and that direct full fusion
dominates at increased concentrations of cholesterol that
best represent the physiological situation. Our results also
show that physiological cholesterol is needed in both the
syb2 vesicle and the t-SNARE membrane to support direct
full fusion. When cholesterol is lowered in either membrane,
long-lived (>5 s) hemifusion intermediates develop that only
rarely proceed to a fully fused state. We thus consider most of
these hemifused events as nonproductive side reactions that
the cell avoids by incorporating enough cholesterol into the
synaptic vesicle and presynaptic target membranes.

It is noteworthy that the fusion kinetics were best fit with a
model of two consecutive steps for both the direct full fusion
and the hemifusion cases. The kinetic fits of hemifusion and
direct full fusion are both best characterized by a slow rate

TABLE 4 Rate constants (k (s~ ")) derived from fits of the data

Cholesterol ~ Direct Full ~ Hemifusion Docked No. of of Fig. 4, eand f, to the two-step model of direct full fusion and

(%) Fusion Events Events Liposomes  Experiments hemifusion

0 185 418 1524 5 Direct Full Fusion Hemifusion

20 400 412 1973 7 1 1 1 1

40 243 78 1073 5 Cholesterol (%) ki (s7) ky (s7) ki (s7) ky (s7)

P v vl s | e el 0 son s 091 ons 63 s09
& P & P 40 070 £ 004 33 +17 031 =007 8=4

each condition.
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FIGURE 5 Summary of direct full fusion and
hemifusion events obtained from single-vesicle
fusion assay as a function of a-tocopherol in the
planar supported bilayer. Syb2 proteoliposomes
were composed of bPC:bPE:bPS:chol:DiD
(53:20:5:20:2) as in the experiments reported in
Fig. 2. (a) Relative fractions of direct full fusion
(black) and hemifusion (red or gray) of the total
number of fusion events after 5 s (total numbers
are shown in Table 5). The numerical values are
22 *+ 3%, 50 £ 5%, and 79 * 5% direct full
fusion and 78 + 6%, 50 = 3%, and 21 * 3%
for 0, 10, and 20 mol % a-tocopherol, respectively.

Time (s)

(b) Cumulative distribution function of direct full fusion events normalized to the efficiencies of total docking events, which were 8 = 3%, 17 = 5,and 15 +
5% for (from bottom to top) 0 (black), 10 (blue), and 20 (purple) mol % a-tocopherol, respectively. (¢) Cumulative distribution function of hemifusion events
normalized to the efficiencies of total docking events, which were 29 *+ 6%, 17 + 3%, and 4 *+ 3% for (from top to bottom) 0 (black), 10 (blue), and 20
(purple) mol % a-tocopherol, respectively. To see this figure in color, go online.

constant of ~1 s~! and a faster rate constant of ~18 s~ ! in

direct full fusion or ~8 s™' in hemifusion (Table 2). We
thus propose a model that combines the direct full fusion
and hemifusion reactions into the following kinetic scheme:

IF—>F
/
V4+T
+ N )

IH—)H

where vesicle V and target T membranes proceed to an inter-
mediate I that then develops either into a full fusion pore F
or a long-lived hemifusion state H. Our experiments do
not allow us to assign the faster or slower rates to the first
or second steps in the above reaction scheme. However,
irrespective of whether the process leading to the intermedi-
ates is represented by the faster or slower rates, the time con-
stant for populating the intermediate is at least 100 ms and
perhaps as long as 1 s, i.e., long enough that we should see
some lipid dye transfer if it had occurred during this
time. Since our frame resolution in these experiments
was 50 ms and we did not see any lipid transfer, the interme-
diates that we observe in either path cannot be a lipid stalk.
More likely, it involves some rearrangement of the SNARESs
that precedes the development of the stalk. However, once
such a stalk has developed, it progresses directly into a
full fusion pore at high cholesterol or into a dead-end

TABLE 5 Summary of events at different a-tocopherol
concentrations in the planar supported bilayer

Direct Full Hemifusion  Total  No. of Bilayers

a-Tocopherol  Fusion Events Events Events Examined
0 92 332 1185 5
10 131 134 890 5
20 99 24 650 5

These data were used to generate Fig. 5 a and to normalize Fig. 5, b and c.
The error bars in Fig. 5 a represent the averages of all experiments under
each condition.
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hemifused state at low cholesterol on a timescale that
must be faster than 50 ms, i.e., the time resolution of our
experiments.

Chang et al. (31) measured the effects of cholesterol on
fusion and SNARE assembly by bulk lipid mixing and a
Forster resonance energy transfer assay, respectively. They
concluded that cholesterol accelerated the kinetics of hemi-
fusion but had only mild effects on fusion pore opening.
These results are not directly comparable with ours because
they measure the combination of docking and fusion on
timescales of minutes and because they do not query the
relative fractions of hemi- and full fusion. However, the
different observations can be reconciled when one realizes
that some fraction in the population of vesicles that are
measured in the bulk fusion assay may proceed rapidly to
hemifusion and eventually convert to full fusion after resting
at a hemifused intermediate for a long time. In another
study, Tong et al. (32) showed that cholesterol in the
v-SNARE membrane caused a greater increase in the rate
of lipid mixing than cholesterol in the t-SNARE membrane.
The authors concluded that this increase was because of a
structural rearrangement of syb2, but not the acceptor
t-SNARE complex. We think that cholesterol might also
change the partitioning of the N-terminal half of the SNARE
motif of syb2 between the surface of the vesicle bilayer and
the surrounding solution that we observed to be highly
dependent on membrane curvature (70). Based on fluores-
cence measurements, this partitioning is not expected to
happen with the preassembled acceptor t-SNARE complex
in the target membrane (71). It is also possible that the
syb2 SNARE motif partitioning between the membrane sur-
face and solution takes place on a timescale that would
appear as two distinct populations in our fast single-vesicle
fusion assay, but an average in the much slower bulk fusion
assay. This timescale difference may well explain why the
effects of cholesterol are symmetric in our single-vesicle
fusion assay, but appear asymmetric in the bulk fusion assay.

Our result that a-tocopherol causes very similar shifts in
the relative proportions of direct full fusion and prolonged
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hemifusion events at equivalent levels of induced negative
spontaneous curvature argues strongly in favor of choles-
terol causing this shift because of its ability to induce such
curvature in lipid bilayers. Because a-tocopherol does not
order lipids, change their fluidity, or induce raftlike domains
in complex lipid mixtures, it is unlikely that these effects
of cholesterol contribute significantly to the shift from
the hemifusion to the full fusion pathway. The requirement
for negative intrinsic spontaneous curvature in membrane
fusion is usually explained by the fact that this curvature
stabilizes a lipid stalk intermediate on the way to forming
a fusion pore (3,72,73). We consider it very likely that the
lipid stalk promoted by cholesterol (and «-tocopherol) rep-
resents a short-lived and kinetically invisible transition state
on the path to open the fusion pore. Because the time reso-
lution in our experiments was 50 to 100 ms, the lifetime
of the stalk must be less than ~50 ms in our experiments.
On the other hand, in the absence of cholesterol, the energy
of the stalk transition state that leads to full fusion is high so
that the membranes proceed to a different, relatively stable
hemifusion state, which may entail an extended hemifusion
diaphragm and which may or may not break to form a
fusion pore at a later stage (3,74). Because membranes
with a-tocopherol fuse more slowly than membranes with
cholesterol, factors other than curvature also contribute to
the energy barriers for transitioning directly into the fusion
pore and the relatively stable hemifusion diaphragms.

This work has also revealed that a content dye is not
required in our single-vesicle fusion assay to distinguish
between hemi- and full fusion. Other single-vesicle fusion
assays that have been developed rely on a second dye to
distinguish between hemi- and full fusion (75,76). Rather,
our assay relies on a change in polarization to indicate the
beginning of fusion (60) and the fact that hemi- and fully
fused states can be readily distinguished from the different
levels of lipid dye fluorescence. This frees up a fluorescence
channel on the microscope for monitoring other parameters
at the single-vesicle level while not giving up the ability to
simultaneously determine whether fusion has proceeded to a
hemifused or fully fused state. This feature will become very
useful in the future for measuring in real time changes in the
conformational or assembly states of the fusion proteins as
fusion proceeds.
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Supporting Materials and Methods and seven figures are available at http://
www.biophysj.org/biophysj/supplemental/S0006-3495(15)00604-9.
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