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ABSTRACT Flickering of fusion pores during exocytotic release of hormones and neurotransmitters is well documented, but
without assays that use biochemically defined components and measure single-pore dynamics, the mechanisms remain poorly
understood. We used total internal reflection fluorescence microscopy to quantify fusion-pore dynamics in vitro and to separate
the roles of soluble N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE) proteins and lipid bilayer properties.
When small unilamellar vesicles bearing neuronal v-SNAREs fused with planar bilayers reconstituted with cognate t-SNARES,
lipid and soluble cargo transfer rates were severely reduced, suggesting that pores flickered. From the lipid release times we
computed pore openness, the fraction of time the pore is open, which increased dramatically with cholesterol. For most lipid
compositions tested, SNARE-mediated and nonspecifically nucleated pores had similar openness, suggesting that pore flick-
ering was controlled by lipid bilayer properties. However, with physiological cholesterol levels, SNAREs substantially increased
the fraction of fully open pores and fusion was so accelerated that there was insufficient time to recruit t-SNAREs to the fusion
site, consistent with t-SNAREs being preclustered by cholesterol into functional docking and fusion platforms. Our results sug-
gest that cholesterol opens pores directly by reducing the fusion-pore bending energy, and indirectly by concentrating several
SNAREs into individual fusion events.
INTRODUCTION
A critical step in processes such as neurotransmitter or hor-
mone release via exocytosis, intracellular trafficking, and
enveloped virus infection is the creation of a fusion pore
that connects membrane-enclosed compartments and allows
the contents to be released (1). Most intracellular membrane
fusion events, as well as exocytosis, are driven by soluble
N-ethylmaleimide-sensitive factor attachment protein re-
ceptor (SNARE) proteins when vesicle-associated SNAREs
(v-SNAREs) form complexes with target-membrane-associ-
ated SNAREs (t-SNAREs) (2). Exocytotic fusion pores are
highly dynamic and may flicker repeatedly between the
open and closed states before either permanently closing
or dilating (3–11) (Fig. 1).
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The dynamics of the pore are physiologically regulated
and determine the amount, the size, and the kinetics of cargo
release, with important consequences for downstream
events. In chromaffin cells, basal stimulation selectively re-
leases only small cargo through flickering fusion pores,
whereas increased stimulation leads to release of all cargo
sizes through pores that rapidly dilate (12). Although
more challenging to detect, pore flickering also occurs dur-
ing synaptic vesicle exocytosis (4,13,14) and may serve to
regulate synaptic strength (15) and/or the kinetics and
spatial extent of receptor activation (4).

Fusion-pore dynamics are altered by mutations in
SNAREs and other components of the fusion machinery
(5,8,16). Cholesterol, a major constituent of eukaryotic
plasma membranes (40% (17)), synaptic vesicles (~40%
(18)), and secretory granules (25% (19)), is also a key
modulator of fusion-pore dynamics and rates of fusion.
Pharmacological reduction of cholesterol lowered rates of
exocytosis in hippocampal neurons (20) but shortened the
duration of the prespike foot (PSF) in chromaffin cells, sug-
gesting a faster transition to a fully developed pore (21). The
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FIGURE 1 Schematic of the flickering dynamics of membrane fusion pores. A vesicle docks onto a planar membrane by complexation of vesicle

v-SNAREs (blue on vesicle) with t-SNAREs (red, yellow, and green on SBL). Fusion of the membranes creates an open pore through which contents are

released. Live-cell electrophysiological studies show that fusion pores may flicker rapidly and repeatedly between closed and open states, then dilate to

become fully developed pores or permanently close. In this study, we track flickering of fusion pores by monitoring release of labeled vesicle membrane

lipids (yellow) into the planar membrane (Fig. 2). Simultaneous observations of lipid and content release are also made (Fig. 3). Release is retarded because

the pore is open only a fraction, Po; of the time. To see this figure in color, go online.

Flickering SNARE-Mediated Fusion Pores
presence of oleic acid, with an inverted cone geometry
similar to that of cholesterol, reduced the PSF duration in
PC12 and chromaffin cells (22). Introduction of ~40%
cholesterol to liposome membranes increased the initial
rates of fusion in a bulk liposome assay (23). In cell-cell
fusion mediated by the influenza fusion protein hemaggluti-
nin, cholesterol accelerated and increased the incidence of
fusion (24).

Flickering dynamics of fusion pores are most directly
measured using electrophysiological and electrochemical
approaches. In amperometric traces of content release,
pore flickering causes fluctuations in the low-amplitude
PSF and in ‘‘stand-alone feet’’ that signal transient events
involving partial content release without full pore enlarge-
ment (3–7). Flickering is also manifested by fluctuations
in pore conductance (7,9) and membrane capacitance
(11,14). From such studies, fusion pores that flicker typi-
cally do so ~2–10 times at frequencies from 40 Hz in beige
mast cells to 170 Hz in chromaffin cells to 4000 Hz in
ventral midbrain neurons (3,4,7). A pore height of
~15 nm, similar to that of a gap junction, is commonly
assumed, in which case measured conductances imply
pore radii of ~0.5–5 nm (9,11,13,14).

In small vesicles, pores were measured to flicker between
two discrete states, the closed state and an open state of fixed
size that varies little within or between flickering episodes.
In ~25-nm-radius synaptic vesicles and microvesicles,
conductance of fusion pores revealed ~10- to 20-Hz flick-
ering between discrete open and closed states, with sharp
transitions between the two and an almost constant conduc-
tance in the open state from one open event to another
(13,14). In amperometric measurements of fusion pores in
~25 nm synaptic vesicles during exocytosis in ventral
midbrain neurons, the initial peak value in flickering se-
quences was consistent between events, suggesting a fixed
fully open pore state (4). In larger, ~100 nm dense-core ves-
icles in chromaffin cells, before dilation, flickering pores in
the fully open state had approximately constant conductance
from flicker to flicker, whereas pores inT 1-mm-sized large
granules in beige mast cells show much more variable
conductance in time during flickering (7,25,26).

A quantitative characteristic of a two-state flickering
pore is its openness, Po, the fraction of time the pore is
in the open state. The analogous concept is used in the
study of ion channels (27). The openness is closely related
to the thermodynamic driving force for fusion, DFpore,
the free-energy difference between the open and closed
states (Fig. 1). Using Boltzmann’s distribution, Po ¼
e�DFpore=kBT=ð1þ e�DFpore=kBTÞ; where T is temperature and
kB is Boltzmann’s constant. DFpore presumably sums down-
hill contributions from SNAREs and other components that
drive the pore to open and uphill contributions from the
lipid membranes that must bend to make the fusion pore
(28). In a natural generalization to a flickering pore whose
size fluctuates through a continuum of sizes, Po is the
time-averaged conductance relative to the conductance
when fully open. Electrophysiological measurements sug-
gest that Po ~ 0.3–0.8, i.e., small free-energy differences,
DFpore; of order kT (3,4,7,10,13,14).

The mechanism that governs pore flickering is unknown,
in part because methods to measure individual pore dy-
namics in reconstituted, biochemically defined systems
have not been available. Here, we developed such a method,
using total internal reflection fluorescence (TIRF) micro-
scopy to measure flickering pores during reconstituted
SNARE-mediated fusion of small unilamellar vesicles
(SUVs; comparable in size to synaptic vesicles) with sup-
ported bilayers (SBLs). Due to the evanescent wave excita-
tion with a polarized laser beam (29), individual fusion
events are signaled by a rapid increase in intensity as
fluorescently labeled lipids diffuse from the vesicle
membrane into the SBL membrane. Consistent with rapid
(T 100 Hz) pore flickering, lipids were released from the
vesicle ~10-fold, and in some cases up to 100-fold, more
Biophysical Journal 110, 1538–1550, April 12, 2016 1539



Stratton et al.
slowly compared to release via a continuously open pore
(Fig. S1 in the Supporting Material). In experiments where
we simultaneously monitored both lipid and soluble cargo
release through the fusion pore, content release occurred
with similar or slower kinetics compared to lipid release,
also consistent with a rapidly flickering pore. Most fusion
pores resealed after releasing only part of their contents.
Events compatible with hemifusion (where proximal leaflets
fuse, but not distal leaflets) were extremely rare. Overall, the
retardation of lipid release we observe is very likely due to
pore-flickering dynamics, rather than to diffusional barriers
due to high curvature effects or the presence of proteins that
may line the fusion pore.

From the lipid release time, we calculated the pore open-
ness, Po (Fig. 1), and vesicle size for each event. For most
lipid compositions, lipid bilayers controlled pore flickering:
SNAREs had little effect, and cholesterol increased pore
openness, consistent with its ability to lower fusion-pore
membrane bending energy. With higher, physiological
cholesterol levels in target membranes, the presence of
SNAREs dramatically opened flickering pores. Thus, in
addition to its direct role, cholesterol synergistically facili-
tates pore opening by SNARE proteins. Our results suggest
that this effect derives from cholesterol-mediated clustering
of t-SNAREs at the fusion site.
MATERIALS AND METHODS

Materials

1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1,2-dioleoyl-

sn-glycero-3-phosphocholine (DOPC), 1-stearoyl-2-arachidonoyl-sn-glyc-

ero-3-phosphoethanolamine (SAPE), 1,2-dioleoyl-sn-glycero-3-phospho-

(10-myo-inositol-40,50-bisphosphate) (PI(4,5)P2), 1,2-dioleoyl-sn-glycero-

3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (LR-PE),

1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-benzox-

adiazol-4-yl) (NBD-PE), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-

N-[methoxy(polyethylene glycol)-2000], and cholesterol were purchased

from Avanti Polar Lipids (Alabasater, AL). PI(4,5)P2, only found in plasma

membranes (30), and NBD-PE, used to check SBL fluidity using fluores-

cence recovery after photobleaching (31), were included only in the

t-SNARE SBLs. In some experiments, instead of LR-PE, we used the lipid

probes 1,10-dioctadecyl-3,3,30,30-tetramethylindocarbocyanine perchlorate

(DiI, or DiIC18 (3); D-282, Invitrogen, Carlsbad, CA) or 1,10-dioctadecyl-
3,3,30,30-tetramethylindodicarbocyanine perchlorate (DiD, or DiIC18 (5);

D-307, Invitrogen). The soluble content marker sulforhodamine B (SRB;

S-1307, Invitrogen) was purchased from Invitrogen.

TABLE 1 Lipid Compositions Used in This Study

Ch (%) PC (%) PS (%) PE (%) PIP2 (%)

POPC/DOPS/SAPE/PIP2 – 60/64 14/14 18/18 4/0

POPC/DOPS/SAPE/PIP2/Ch 10/45 55/24 12/12 15/15 3/0

POPC/DOPS/SAPE/

PIP2/Chþ
45/45 19/23 12/12 15/15 3.9/0

DOPC/DOPS – 80/79 15/15 – –

Each entry shows the two mole fractions in the SBL membrane/vesicle

membrane. In addition, each composition contained 3.45–5.0 mol %

PEG2KPE, and 0.6–1.0 mol % lipid marker (LR-PE, DiI, or DiD, the latter

only for content-release experiments). See Materials and Methods and

Tables S1 and S2 for details.
Recombinant protein expression and purification

Recombinant VAMP2, syntaxin-1, and SNAP25 were expressed, purified,

and reconstituted into SUVs, as described in detail previously (31,32).

We used lipid/protein ratios of 200 and 20,000 for the v-SUVs and

t-SBLs, respectively. Even for the smallest v-SUVs (Rves ¼ 10–20 nm),

this provides enough copy numbers (5–17) of externally facing v-SNAREs

per SUV, because efficient fusion in this assay requires T5 SNARE com-

plexes (32). Thus, our results for the number of t-SNAREs recruited for

fusion (see Fig. 5 A) are not limited by the number of v-SNAREs present

on vesicles.
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Preparation of SUVs and SBLs

For experiments monitoring lipid mixing alone, we used the method of

(31,32), but with different lipid compositions, as in Table 1 (SUV and

SBL compositions are listed separately in Tables S1 and S2). We included

either 0.8 mol % LR-PE or 1 mol % DiI as lipid markers, except in the case

of aþ
chol; where 0.62 mol % LR-PE was used (Table S1).

For simultaneous monitoring of both lipid and content release, we

included 1 mol % DiD as the lipid marker and encapsulated the soluble con-

tent marker SRB into v-SUVs. To do so, we followed the protocol of Kyoung

et al. (33),with the followingmodifications.Dilution of the lipid, protein, and

detergent mixture was followed by dialysis against 4 L of buffer overnight at

room temperature. v-SUVs were then passed through a CL-4B column (Se-

pharose CL-4B, 17-0150-01, GE Healthcare, Little Chalfont, United

Kingdom) to remove free SRB. SRB concentration was 10 or 50 mM. The

lipid/protein ratio for v-SUVswas 200, as in single-color lipid-mixing exper-

iments. We used the following lipid compositions for the v-SUVs:

67:12:15:5:1 POPC/DOPS/SAPE/PEG2KPE/DiD or 23.55:12:15:45:

3.45:1 POPC/DOPS/SAPE/Ch/PEG2KPE/DiD. The t-SBLs contained one

t-SNARE complex for every 20,000 lipids and were composed of

64.5:12:15:3:5:0.5 POPC/DOPS/SAPE/PIP2/PEG2KPE/NBD-PE.
Microfluidic flow channels and microscopy

Fabrication of microfluidic flow channels, formation and characterization of

t-SNARE-reconstituted SBLs in the channels, and detection of fusion

events are described in detail in Karatekin and Rothman (31). In this assay,

fusion of single v-SNARE reconstituted liposomes (v-SUVs) with

t-SNARE-bearing SBLs is observed at frame rates of 32/s (full frame) to

60/s (from a cropped region of interest). These correspond to frame dura-

tions of 31 and 17 ms, respectively. Frame durations <~15 ms resulted in

lower signal/noise ratios that made tracking of single LR-PE fluorescently

labeled lipids difficult. One pixel corresponded to 267 nm in the sample

plane. LR-PE or DiI fluorescence was excited using an s-polarized (perpen-

dicular to the plane of incidence) 532 nm laser beam.

To determine the areal lipid density in the membranes, rlip ¼ 1=ðflip alipÞ;
where flip is the fraction of lipids that are labeled, we assumed a lipid head-

group area of alip ¼ 0:8 nm2 for PC/PS/PE/PIP2 and PC/PS compositions

and alip ¼ 0:6 nm2 for PC/PS/PE/PIP2/Chþ and PC/PS/PE/PIP2/Ch com-

positions (34).

Some of the data were obtained using an inverted microscope (IX81,

Olympus, Center Valley, PA) equipped with an EM-CCD camera (iXon

Ultra, Andor, Belfast, United Kingdom) and the Olympus CellTIRF TIRF

microscopy (TIRFM) accessory. The microscope and data acquisition

were controlled by Micro-Manager (University of California San Fran-

cisco). A 100�/1.49 NA oil TIRF objective (UAPO N, Olympus) was

used. All experiments were carried at 32�C (Thermo Plate TOKAI HIT,

Olympus). Images were collected with a frame duration of 17 ms (full

frame). We used a 488 nm laser for FRAPmeasurements and a 561 nm laser

for detecting LR-PE or DiI during fusion.
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To estimate the evanescent field penetration depth, we measured the

angle of incidence, q, of the excitation beam with respect to the normal

to the imaging plane, and used the expression dTIRF ¼ lo=4p ðn2g sin2 q�
n2wÞ�1=2 (29), where lo ¼ 532 nm is the laser wavelength, and ng ¼ 1:52

and nw ¼ 1:33 are the refractive indices of glass and water, respectively.

For this, we coupled a 2 cm � 2 cm � 2 cm BK7 glass cube (Thorlabs,

Newton, NJ) to the TIRF objective using oil that matched the refractive in-

dex of glass. At angle q, used to generate TIR in the fusion experiments, the

beam went undeflected into the cube and emerged from one side refracted at

the glass-air interface and projected onto a wall. Simple geometry based on

the beam position on the wall and the position of the objective, along

with the known refraction at the cube-air interface, allowed calculation of

the incidence angle, q ¼ 73.5–77.4� (dTIRF ¼ 65–71 nm), with the highest

intensity spot at 75�, corresponding to dTIRF ¼ 68 nm. This value is used in

the subsection The size of a docked vesicle can be directly inferred from the

docked vesicle intensity in TIRFM (and see Fig. 6 D).
Single lipid-label measurements

We tracked single lipids using ImageJ and Speckle TrackerJ, the tracking

plugin described in (35). For details, see Fig. S2, A–C.
A B

Analysis of single-vesicle events

We identified fusing vesicles by eye and tracked them using the ImageJ plu-

gin Speckle TrackerJ (35). We used fusing vesicle trajectories to train

Speckle TrackerJ to track the remaining vesicles that dock. For each fusion

event, the total intensity in a region of interest was computed with Matlab

from the trajectories obtained from SpeckleTrackerJ.
C

Curve fitting

We performed all curve fitting using the Curve Fitting Toolbox in Matlab

with linear or nonlinear least-squares optimization.
FIGURE 2 Using TIRFM to measure lipid mixing and fusion-pore flick-

ering dynamics. (A) Vesicles reconstituted with v-SNAREs (synaptobrevin/

VAMP2) fuse with a target SBL reconstituted with cognate t-SNAREs (syn-

taxin and SNAP25). Membranes are PEGylated to prevent nonspecific in-
Simultaneous detection of lipid and content
release

For these experiments, we used an Olympus IX81 microscope, custom-

modified for polarized TIRF excitation and two-color detection. SRB and

DiD fluorescence was excited using 561 nm (04-01 series, Cobolt Jive,

Solna, Sweden) or 638 nm (LuxX, Omicron Laserage, Rodgau-Dudenho-

fen, Germany) lasers, respectively, through an Olympus PlanApo 60�/

1.45 Oil TIRF objective, using s-polarized light. We split the emission using

a 640 nm dichroic mirror (ZT640rdc-UF2, Chroma, Bellows Falls, VT), and

projected the two beams that went through a short (570–620 nm; ET595/

50m EM, Chroma) and a long (662.5–737.5 nm; ET700/75m EM, Chroma)

wavelength emission filter side-by-side on the same electron-multiplying

charge-coupled device (Ixon Ultra, Andor). One pixel corresponded to

265 nm. Exposure time was 17.8 ms (duty cycle, 18.3 ms). We recorded

3,300 frames (60 s) for a total of 26 movies. Image stacks were analyzed

using ImageJ and home-made Python scripts.
teractions, and 0.6–1% of lipids are fluorescently labeled. (B) TIRF

sequence during a typical fusion event, viewed from beneath the coverslip

in (A). When the vesicle docks onto the SBL, a spot appears (i). At a later

time, tdelay; fusion occurs (ii) and the spot brightens as labeled lipids diffuse

into the SBL (ii/iii). Individual lipids are discernible by stage iv. The box

size is 22 mm � 22 mm, 82 � 82 pixels, and the scale bar represents 5 mm.

(C) Typical time course of total fluorescence intensity, Itot; integrated over

the box in (B), from which we extracted the lipid release time, trelease. After

lipid release into the SBL, Itot would increase to the value ISBL were it not

for bleaching (iii/iv) ðImax < ISBLÞ. To see this figure in color, go online.
RESULTS

Single-event TIRF-based fusion assay

We used a recently established TIRFM-based fusion
assay (31,35) to monitor fusion of individual, neuronal
v-SNARE-containing SUVs with neuronal t-SNARE-recon-
stituted planar bilayers supported on a soft poly(ethylene
glycol) (PEG) cushion in microfluidic flow channels, with
0.8 mol % LR-PE or 1 mol % DiI as fluorescent lipid
markers (Fig. 2 A).

Four membrane lipid compositions were tested (Table 1):
a model DOPC/DOPS mixture (31,32,36) and three compo-
sitions that included PI(4,5)P2 in SBL membranes and
SAPE and varying amounts of cholesterol, 0%, 10%/45%,
and 45%/45%, in the SBL/SUV membranes (POPC/
DOPS/SAPE/PIP2, DOPC/DOPS/SAPE/PIP2/Ch, POPC/
DOPS/SAPE/PIP2/Chþ, see Table 1 and Materials and
Methods). All lipid compositions used in this study are ex-
pected to form fluid bilayers, as the transition temperature of
each component is <0�C. Accordingly, we saw no evidence
of phase separation, either using fluorescent probes or when
we tracked single lipid labels. PE is found at levels up to
15% in synaptic vesicles, secretory granules, and plasma
membranes (18), has negative spontaneous curvature, and
promotes fusion in model systems (37). The signaling lipid
PI(4,5)P2 is present in small amounts in the inner leaflet of
Biophysical Journal 110, 1538–1550, April 12, 2016 1541
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the plasma membrane (1–2%) (30) and interactions with
the t-SNARE syntaxin concentrate PIP2 at docking and
fusion sites (38). Cholesterol plays a facilitating role in
biological and model fusion reactions that is well-docu-
mented (20,23,24), including its modulation of the fusion
pore (21).
Lipid compositions used in this study

For most experiments, we recorded movies of docking and
fusion events, monitoring only lipid markers. For each
fusion event, we measured the total intensity versus time,
ItotðtÞ, summed over all pixels in a box drawn around the
fusing vesicle (Fig. 2, B and C). After docking of a vesicle
to the SBL, when the intensity increases to a value Idock, af-
ter a delay time, tdelay; fusion is announced by a rapidly
increasing intensity (39) as labeled lipids, initially in the
vesicle membrane, begin to be released into the SBL
through the bilayer walls of the fusion pore (Fig. 1). The in-
tensity of labeled lipids in the vesicle, LR-PE or DiI, is
reduced by a certain average factor, lTIRF; because the
evanescent excitation field, with a decay length of ~68 nm
(Materials and Methods), decays with distance from the
SBL, and its polarization is a worse match for the dipole ori-
entations of the fluorescent lipid labels when they reside in
the spherical vesicle (29). The delay time distributions re-
vealed a fast-fusing SNARE-mediated population and a
slowly fusing, nonspecific population (32) (Fig. S2, E
and F and Supporting Material).
Lipid and content release are retarded by
flickering fusion pores

We used the fluorescence increase that accompanies diffu-
sion of a labeled vesicle lipid into the SBL to track the
release process and hence infer properties of the fusion
pore. The fluorescence increases by the inverse of the
mean intensity reduction factor for lipids in the vesicle,
lTIRF. As the increase is instantaneous upon lipid transfer,
we could measure the fraction of lipids transferred with
high sensitivity and with temporal resolution limited only
by acquisition frame rates (up to ~100 Hz), not by the
time required for the lipids to diffuse a distance larger
than the optical resolution (~250 nm) to detect their spread.
Individual lipid labels became discernible as they diffused
away from the fusion site, eventually disappearing in single
bleaching steps (35). The release of lipids into the SBL
occurred over a timescale, trelease, when the intensity
increased toward a plateau but then decreased due to bleach-
ing (Fig. 2 C).

Intriguingly, lipid release times were far greater (~30–
250 ms; Fig. S1) than expected for a permanently open
pore (~10 ms, the lipid diffusion time on the scale of a
typical vesicle (40)). This suggested that fusion pores
were flickering and spending only a fraction of the time in
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the open state, i.e., the pore openness, P0; was significantly
less than unity.

To test this possibility, we studied fusion events while
simultaneously monitoring lipid and content release. We
encapsulated 10 or 50 mM soluble content label SRB into
v-SUVs that also contained 1 mol % DiD as the lipid
marker. We excited both markers simultaneously using
561 nm (for SRB) and 638 nm (for DiD) lasers. We split
the emission into two beams that went through short
(570–620 nm) and long (662.5–737.5 nm) wavelength filters
for the SRB and DiD emissions, respectively, and projected
the two emission signals side by side onto an EMCCD chip.
Movies were recorded with 18.3 ms time resolution for 60 s.
SRB was encapsulated into vesicles at highly self-quenched
concentrations. Consequently, for most docked vesicles,
initially only the DiD lipid signal was visible. However,
within a frame after the lipid signal began to increase due
to transfer of lipids into the SBL, the content signal also
began to increase due to dequenching effects caused by dilu-
tion of the content labels as molecules escaped through the
fusion pore (Fig. 3). For >80% of all events for which
simultaneous lipid and content release could be observed
(74 of 91 events), the initial pore resealed after releasing
all of the lipid labels but only a fraction of the content labels.
More than 20% of these partial-content-release events were
followed seconds later by a sudden decrease in content sig-
nals (Fig. S7). We presumed this was either because the pore
reopened with sufficient width to allow rapid release of con-
tents, or because the vesicle burst due to accumulated photo-
damage (41). Whatever its origin, the late disappearance of
content signal showed that the initial increase in content
signal was not due to content markers being released and
then trapped in the space between the SBL and the substrate,
as found in a previous study using SBLs directly supported
on a quartz substrate, without a soft spacer such as the PEG
layer used here (41).

Content- and lipid-release kinetics either occurred at
comparable rates within a few frames (24/91 events), or con-
tent release was visibly slower (46/91 events; see Fig. 3 for
an example). For the remaining events, we could not reliably
compare the kinetics.

Signal changes compatible with hemifusion (lipid mixing
preceding content mixing) were observed very rarely (2 of
91 events). Hemifusion could also be detected in single-
color experiments monitoring lipid labels alone, as it would
leave about half the initial docked-vesicle lipid intensity
intact after dispersion of the outer-leaflet lipid markers
into the SBL (31,32). Monitoring lipid signals alone, we
found that such events were very rare, consistent with our
previous studies (31,32).

In summary, simultaneous monitoring of lipid and con-
tent release showed that the two processes commenced
within a single frame of one another (18.3 ms), and the
kinetics of both content and lipid release were much slower
than expected for permanently open pores T 2 nm in
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FIGURE 3 Simultaneous content and lipid release using TIRFM.

v-SUVs contained 1 mol % DiD lipid dye and encapsulated 10 or 50 mM

soluble content marker SRB. DiD and SRB were excited simultaneously

using 638 nm and 561 nm laser lines, respectively. The emission was split

and filtered to observe DiD (top, blue trace) and SRB (lower, red trace)

fluorescence signals simultaneously projected onto an EMCCD detector.

Total intensities from a region 20 pixels � 20 pixels (5.3 mm � 5.3 mm)

is plotted for both the lipid (upper, blue trace) and content (lower, red trace)

signals for a representative event. Snapshots from the lipid (top sequence,

blue) and content (bottom sequence, red) signals are shown in inverted false

color. When docking was clearly visible in the lipid channel, the content

channel was still dim, because SRB was encapsulated at self-quenching

concentrations (1). In the same frame where the lipid signals start to in-

crease, announcing lipid mixing, the content signals also increase (dashed

vertical line) due to dilution and dequenching of encapsulated SRB as some

molecules escape through the pore. Once lipid transfer is complete (shortly

after the maximum in the upper blue trace), the intensity in the lipid

channel decreases due to photobleaching, as in Fig. 2. The SRB signals

remain stable after lipid release (but bleach slowly (3)), indicating that

the pore resealed after partial release of contents. In this example, initial

lipid and content release occurred with comparable kinetics (2) within a

few frames (each 18.3 ms apart). In other cases, release was markedly

slower (see Fig. S7). To see this figure in color, go online.
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diameter. These findings strongly suggest that the fusion
pores we observe flicker, and the effect is to retard both lipid
and content mixing. We note that during fusion reactions
mediated by the influenza fusion protein hemagglutinin,
electrophysiologically detected fusion pore opening pre-
ceded detectable lipid and content release by seconds (42).
Zimmerberg et al. (42) argued that this was caused by an
early transition to a larger pore rather than by retardation
due to the effect of fusion proteins, as previously proposed
(43). Our results suggest that the size and flickering dy-
namics of the pore itself set lipid and content release rates,
since the onset of both was simultaneous. Moreover, retar-
dation of lipid diffusion was the same for specific and
nonspecific fusion, suggesting that the retardation is not
caused by the SNARE proteins (Fig. 4 C).

For the remainder of the study, we used lipid release ki-
netics to characterize the flickering statistics of fusion pores,
as the signal/noise ratio in single-color measurements of
lipid release allowed tracking of single lipid labels and calcu-
lation of vesicle size for individual events. This was needed
to compute the pore openness, as detailed below. Unless
specified otherwise, all experimental results presented below
are from single-color lipid-marker measurements.
Fusion pore openness, P0; is quantitatively
related to the lipid release time, trelease

We established a relationship that enabled us to deduce the
pore openness, Po; from the time for lipids to be released
from the vesicle into the SBL, trelease, that we measured
for each fusion event from the TIRFM intensity curve
(Fig. 2 C). A mathematical model of lipid release through
a flickering pore showed that

Po ¼ Avesb

2prpDliptrelease
(1)

(see Supporting Material). For a two-state (open/closed)
pore, Po is the fraction of the time in the open state, but
Eq. 1 is equally valid for a flickering pore with a size varying
continuously in time, when Po is the time-averaged pore
radius relative to the fully open radius. In Eq. 1, Aves is
the vesicle area and Dlip the lipid diffusivity, which we
measured directly (see below). This equation states that
Po ¼ g tves=trelease; where tves ¼ Aves =Dlip , the time for a
lipid to diffuse a distance of the order of the vesicle size,
would be the diffusion-controlled release time for a fully
open pore (to within logarithmic corrections). For an infre-
quently open pore, Po < 1, the release time, trelease; is much
greater than tves. Po is the ratio of these two timescales times
a factor g ¼ b=2prp reflecting the role of pore geometry on
lipid release rate.

We took a pore height of b ¼ 15 nm, as is commonly
assumed, and the radius of the fully open conducting pore
was taken to be 1 nm, as reported for smaller vesicles
(4,9,11,13,14). This implies a value of rp ¼ 3 nm as the fully
open pore radius in Eq. 1 is the effective value seen by a
diffusing lipid and so includes half the bilayer thickness,
taken to be 2 nm (Fig. S1 A). Equation 1 states that a flick-
ering pore more often in the closed state (lower Po) releases
lipids more slowly (larger trelease ).

For a given fusion event, the vesicle area, Aves, in Eq. 1
is unknown, as sizes varied significantly. The docked
Biophysical Journal 110, 1538–1550, April 12, 2016 1543
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FIGURE 4 Openness statistics of SNARE-medi-

ated flickering fusion pores. (A) TIRF intensity

versus time after fusion for two typical SNARE-

mediated fusion events. The time course of the

red trace (short-dashed curve fit, PC/PS) is well

fit by Eq. 3 for a flickering pore, with openness

Po ¼ 0:09 (short-dashed curve). The fit from

Eq. 3 is poor for the blue trace (long-dashed curve

fit, PC/PS/PE/PIP2/Chþ, 45% cholesterol), with

nominal Po ¼ 3:48 (long-dashed curve), flagging

a permanently open pore (Eq. 4). (B) SNARE-medi-

ated fusion pores flicker and are dramatically

opened by increasing cholesterol content. (Left)

Flickering-pore openness, Po; and the fraction of

pores that are permanently open ( Po ¼ 1 column)

for each of the four lipid compositions studied

(Table 1). The bin size is 0.05. (Right) Blowup of

Po%0:4 data (bin size, 0.01). (C and D) SNAREs

play little or no role in fusion-pore flickering unless

cholesterol content is high. Mean pore openness (C)

and fraction of pores that are permanently open (D)

versus composition for SNARE-mediated and

SNARE-independent fusion-pore dynamics. Error

bars in (C) and (D) indicate the mean 5 SE;

*p < 0.05 using Student’s t-test. To see this figure

in color, go online.
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vesicle intensity, Idock (Fig. 2C) is the best measure of vesicle
size, being the earliest and least affected by bleaching. The
difficulty is that the relation between Aves and Idock is not a
priori known, since the intensity of fluorescently labeled
lipids in the vesicle is unknown. However, we directly
measured Ilip, the single lipid intensity for lipids in the
planar SBL (see below). Thus, we used the TIRFM curve
for each event to determine the fluorescence intensity reduc-
tion factor, lTIRF, namely the ratio of total intensities before
and after lipid release. The area is then

Aves ¼ Idock
��

lTIRFIlip2rlip
�
: (2)

Here, rlip is the areal density of fluorophores in each leaflet

of the vesicle membrane and lTIRF Ilip is the single labeled
lipid intensity for a lipid in the vesicle, averaged over all
locations in the vesicle membranes, including the reduction
factor, lTIRF, relative to the value Ilip in the SBL. The reduc-
tion factor depends on vesicle size in a complex fashion (see
below).

In practice, direct extraction of trelease and lTIRF from the
measured fluorescence signal, Itot(t), is difficult due to
bleaching of labeled lipids in the SBL, with bleaching
time, tbleach, of ~3.5 s for LR-PE (Figs. 2 C and S2 C).
Thus, we used the expression predicted by our model for
the TIRFM signal, given by

ItotðtÞ
Ifus

¼ e�t=trelease þ
�
e�t=tbleach � e�t=trelease

�
lTIRFð1� trelease=tbleachÞ (3)

(see the SupportingMaterial). We neglect the slower bleach-

ing in the vesicle (tbleach ~ 18 s; Fig. S2 D). Our procedure
was to fit the predicted expression (Eq. 3) to the experimen-
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tally measured signal and determine the two crucial param-
eters trelease and lTIRF as best-fit parameters. A related
situation was mathematically modeled in (44), in which
labeled lipids diffused through a narrow pore during cell-
cell fusion and the effects of fluorescence dequenching
were calculated.

Permanently open pore

In the above, lipid release is limited by flickering, and the
fraction of labeled lipids remaining in the vesicle a time t
after the instant of fusion (when the pore first opens) decays
exponentially, fves ¼ e�t=trelease (Eq. S8). We will see that our
experiments show that a fraction of pores do not flicker, but
are permanently open. In this case, release is limited by
diffusion, and our model shows that the decay has a qualita-
tively different inverse time dependence and the TIRFM in-
tensity time course is different:

ItotðtÞ
Ifus

¼ e�t=tbleach

�
fvesðtÞ þ

�
1� fvesðtÞ

lTIRF

��
;

fvesðtÞ ¼ tves=t:

(4)

SNARE-mediated fusion pores flicker or are
permanently open

We used the following procedure, which yielded the pore
openness, the vesicle radius, Rves; and the intensity reduc-
tion factor, lTIRF; for each fusion event. 1) We first measured
the bleaching time, tbleach, the diffusivity,Dlip, and the inten-
sity, Ilip, of single fluorescently labeled lipids in the SBL
(Materials and Methods and Fig. S2). 2) For each detected
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fusion event, we extracted the docked fusion intensity, Idock;
and the intensity at the instant of fusion, Ifus; from the
measured fluorescence intensity curve, ItotðtÞ (Fig. 2 C). 3)
We fit the predicted TIRF intensity curve, ItotðtÞ (Eq. 3),
to the experimental curve using the fluorescence reduction
factor, lTIRF; and lipid release time, trelease; as fitting param-
eters. 4) We used Eq. 2 to obtain the vesicle area and radius,
and then Eq. 1 to obtain the pore openness.

Applying this procedure to the fast SNARE-mediated
fusion events we found that pores flickered with pore open-
ness of 0:01(Po(0:9, suggesting free energies of pore for-
mation of �2 kT(DFpore(5 kT (Fig. S1 B). Although
most pores flickered, in many cases, the analysis returned
a nominal Po value exceeding unity, indicating a fully
open pore, Po ¼ 1. To reinforce this conclusion, we tested
these pores for inverse time-release kinetics, fves � 1=t,
the signature of a permanently open pore (Eq. 4). For this
test, we used larger vesicles, RvesR25 nm, whose slower
release kinetics were more accessible. The exponent of
the best-fit power law to the pooled release kinetics was
close to that predicted ð�0:9950:22Þ, compared to a
best-fit exponent of �0:6850:09 for flickering pores with
Po < 0:15 (Fig. S3 B).

As an additional test of our assumption that slow lipid
release reflects flickering pores (Eq. 3) rather than restricted
lipid diffusion due to high curvature or protein crowding ef-
fects at the pore (45) we repeated experiments using a
different label, replacing LR-PE with DiI. We found statis-
tically insignificant differences in pore openness values
(Supporting Material and Fig. S6), consistent with normal
lipid diffusion through the pore.

We note that a ‘‘permanently’’ open pore is one that re-
mained open long enough to release all labeled lipids,
approximately the lipid diffusion time for the vesicle
size, tves (multiplied by a logarithmic factor of order unity
involving the pore diameter (40)). Thus, such a pore could
in fact be slowly flickering, with a frequency of (100 Hz
if we take a typical tves ~10 ms. In fact, we found no
vesicle size dependence in the fusion statistics (Supporting
Material and Fig. S4), suggesting that such pores remained
open for sufficiently long that even the largest vesicles
studied (Rves ~ 80 nm) had enough time to empty their
labeled contents. For these large vesicles, this would occur
in an estimated time of order tves ~ 50 ms. This suggests
that the pores we identify as open flickered at frequencies
of <20 Hz.
Cholesterol promotes the open state of the
fusion pore

When pore statistics were classified according to the
composition of the fusing membranes, there was a strong
correlation of flickering pore openness with the presence
of cholesterol (Fig. 4, B–D). For cholesterol-free composi-
tions, the mean flickering pore openness was Po ¼ 0:04;
although only ~2% were permanently open. With 45%
(10%) cholesterol in the SUV (SBL) membranes, the
mean Po doubled, but the permanently open fraction
was unchanged. For compositions better mimicking
physiological conditions, which included 45 mol % choles-
terol, the effect was dramatic: relative to cholesterol-free
membranes, the flickering pore openness and the perma-
nently open fraction increased ~10-fold and ~20-fold,
respectively.

Our simultaneous lipid- and content-release measure-
ments corroborated these findings. When v-SUVs and
t-SBLs both lacked cholesterol, content labels were released
more slowly than lipid markers in 54% of all events (43 of
79), both types of release occurred within a few frames for
22% of events (17 of 79), and the kinetics could not be reli-
ably compared due to weak signals for 24% of events (19 of
79). In contrast, when the v-SUVs included 45 mol %
cholesterol, both types of release occurred rapidly within a
few frames in 58% of all events (7 of 12), whereas contents
were released more slowly for only 25% of events (3 of 12).
For 17% of events (2 of 12) we could not reliably compare
release kinetics.
SNARE proteins have little effect on the fusion-
pore openness unless physiological levels of
cholesterol are present

To distinguish the respective roles of SNAREs and lipid bi-
layers in fusion-pore dynamics, we repeated the above anal-
ysis for the slow nonspecific fusion events, for which we
assumed the fusion-pore dynamics are not SNARE medi-
ated (32). Both without cholesterol and with 45% (10%)
cholesterol in the SUV (SBL) membranes, these events
showed pore openness and permanently open pore fractions
that were statistically indistinguishable from SNARE-medi-
ated events, except that there was a small increase in Po with
no cholesterol (n ¼ 353 SNARE-mediated events, m ¼ 68
nonspecific events, Fig. 4, C and D). This suggests that
the lipid bilayers themselves governed pore dynamics with
little influence from SNARE proteins.

To test this conclusion, we measured fusion between pro-
tein-free SBLs and v-SNARE-containing SUVs (Supporting
Material and Fig. S2 F). For the same compositions, the
delay times and openness were statistically indistinguish-
able from those for the slow component in the presence of
v- and t-SNAREs. This is consistent with the hypothesis
that pore dynamics for the slow component reflect the phys-
ical properties of lipid bilayers only.

A qualitatively different picture emerged at physiological
cholesterol levels in all membranes (45%): SNARE proteins
then increased the fraction of open pores significantly, from
18% to 38% (Fig. 4 D). Thus, at high concentrations choles-
terol opens pores both indirectly, by activating SNARE-
mediated pore opening, and directly through its influence
on the lipid membranes.
Biophysical Journal 110, 1538–1550, April 12, 2016 1545
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With physiological amounts of cholesterol, fusion
is so accelerated that there is insufficient time to
recruit additional t-SNAREs to the fusion site after
docking

Next, we examined the effect of cholesterol on the docking-
to-fusion delay times for the fast SNARE-mediated fusion
events, and we applied the model of (32), which assumes
that fusion is limited by the diffusive recruitment of
t-SNAREs to the fusion site once a vesicle has docked.
Delays were ~2-fold greater in the presence of intermediate
amounts of cholesterol (45% and 10% in the SUV and SBL
membranes) and sufficient for three to six t-SNAREs to have
been recruited, consistent with literature values for the num-
ber of SNAREs required for fusion (32,36) (see Fig. 5 A and
Supporting Material).

By contrast, at physiological cholesterol levels (45% in all
membranes), the delay times were ~3-fold smaller, too short
A

B

FIGURE 5 Physiological amounts of cholesterol accelerate fusion by

clustering t-SNAREs. (A) Delay times to SNARE-mediated fusion after

vesicle docking versus membrane lipid composition (solid bars) and calcu-

lated number of t-SNAREs assumed recruited by diffusion to the fusion site

during the delay time (striped bars). Lower amounts of cholesterol (yellow

(PC/PS/PE/PIP2) and green (PC/PS/PE/PIP2/Ch)) increase delay times,

consistent with the reduced lipid diffusivities, but the number of t-SNAREs

recruited for fusion is unchanged. At physiological cholesterol (PC/PS/PE/

PIP2/Chþ), fusion is so accelerated that there is insufficient time to recruit

any additional t-SNAREs after docking, suggesting that t-SNAREs are

preclustered. (B) Physiological cholesterol levels increase the probability

~3-fold that a docked vesicle undergoes SNARE-mediated fusion (as

opposed to nonspecific fusion or no fusion) before complete bleaching

(~20 s). To see this figure in color, go online.
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for even one additional t-SNARE to have been diffusively re-
cruited if one assumes a uniform spatial distribution of
t-SNAREs. This was unexpected, since lipid diffusivity was
reduced ~4-fold at these cholesterol levels (Table S3), sug-
gesting that delay times would be greater. Thus, t-SNAREs
were presumably already clustered at docking sites in suffi-
cient numbers to trigger fusion, consistent with cholesterol-
mediated t-SNARE clustering observed in cells (46–49).

Consistent with these results, the probability that a
docked vesicle underwent SNARE-mediated fusion during
the observation time increased ~3-fold at the highest choles-
terol levels (Fig. 5 B).
Fluorescence reduction factor and vesicle size
are unique functions of the docked-vesicle
intensity

Our procedure entailed measuring the docked-vesicle inten-
sity, Idock; for each fusion event and extracting the intensity
reduction factor, lTIRF; by fitting our model to the fluores-
cence profile (Figs. 2 C and see 4 A). An important self-con-
sistency check is that lTIRF is a unique function of Idock,
since the value of Idock fixes the vesicle size and hence the
value of lTIRF (Fig. 6 A). When we pooled the values for
several compositions labeled with LE-PE and included
nonspecific fusion events, the lTIRF -versus- Idock data
collapsed around a definite curve (Fig. 6 B). The Rves-
versus- Idock data collapsed similarly (Fig. 6 C). Thus, our
method satisfies this self-consistency check.
DISCUSSION

Single exocytotic fusion pores were first detected almost
30 years ago (50,51), shortly followed by observations
of rapid flickering between the open and closed states
(26,50). Neuroendocrine cells regulate hormone release by
adapting the incidence and flickering dynamics of fusion
pores to physiologic inputs (12). Pores also flicker during
synaptic vesicle release, but the prevalence is less estab-
lished, in part because of technical difficulties in probing
pore properties during synaptic-vesicle exocytosis using
direct electrical approaches. The few such measurements
showed that 3–40% of pores flicker during synaptic-vesicle
release (4,13) and that the flickering dynamics are regulated
by phosphorylation (4). Possibly the most convincing data
are from midbrain neurons that form ‘‘social’’ synapses
and release dopamine that is sensed by receptors some dis-
tance (several micrometers) away from release sites (4). For
such volume transmission, pore flickering would control the
kinetics and spatial extent of receptor activation (4). In addi-
tion, ‘‘whispering’’ synapses at which downstream receptors
are not activated may be associated with slow release
through flickering fusion pores (15), and neurotransmitter
release through transient pores may facilitate rapid recy-
cling of synaptic vesicles (4).
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FIGURE 6 In TIRFM, the vesicle size and fluo-

rescence reduction factor are unique functions of

the docked-vesicle intensity. (A) The fluorescence

intensity of a labeled lipid at a distance z from

the SBL in a vesicle of radius Rves (lighter, yellow

curve) is the product of the decaying incident

evanescent wave intensity (darker, blue curve)

and a polarization factor due to lipid orientation.

The net fluorescence reduction factor for the

vesicle, lTIRF, is the average of the lighter yellow

curve weighted by the number of lipids at each

height. (B and C) lTIRF and Rves are uniquely deter-

mined by the docked-vesicle intensity (139 fusion

events; see the Supporting Material). (B) Values

of lTIRF versus docked-vesicle intensity, Idock;

from this study follow a best-fit exponential

0:64 expð� Idock=350 IlipÞ (p < 0.05) (solid, red

curve). The bin size is 10.7. (C) Values of Rves

versus Idock are well described by the best-fit power

law Rves ¼ 2:6 ðIdock=Ilip Þ0:61 nm (p < 0.05). The

bin size is 10.7. (D) Values of lTIRF versus Rves

from this study. The tangent at the origin (red

dashed line) is a linear fit to Rves<35 nm points,

constraining the intercept on the Rves axis to be

the TIRF decay length, dTIRF ¼ 68 nm (Supporting

Material and Eq. S18) (p < 0.05). This yielded

l0TIRF ¼ 0.81 for the limiting value of lTIRF for

small vesicles, a pure polarization effect. The bin

size 3.6 nm. In (B)–(D), values are shown as the

mean (dark, blue symbols)5 SD. To see this figure

in color, go online.

Flickering SNARE-Mediated Fusion Pores
The underlying molecular mechanisms of fusion-pore
flickering remain poorly understood. Here, we used TIRFM
to study the dynamics of single SNARE-mediated fusion
pores in vitro for the first time to our knowledge.
Most fusion pores reseal after slow release of
lipids and soluble cargo

We simultaneously monitored soluble content marker SRB
and lipid label DiD as single v-SUVs fused with t-SBLs,
with ~18 ms time resolution. To within a single frame,
release of the two types of label commenced simulta-
neously, and content release never preceded lipid release.
After an initial release usually too slow to be compatible
with a fully open, static pore, the pore resealed in >80%
of all events, trapping some of the content labels. Our results
suggest that the slow release was due to small, flickering
pores. Consistent with this, using a vSUV-tSUV fusion
assay, Lai et al. (52) suggested that an ~2-nm-diameter
fusion pore retarded cargo release.
The size of a docked vesicle can be directly
inferred from the docked-vesicle intensity in
TIRFM

TIRFM is a powerful technique that selectively illuminates
a small, ~100-nm-deep region adjacent to a substrate (29).
Ideally, one would like to use the method to directly infer
the size or location of illuminated objects from the fluores-
cence intensity, but this relation is not a priori known. For a
docked spherical vesicle, the intensity results both from the
decay of the evanescent field with distance from the sub-
strate and from the varied orientations of labeled lipids at
different locations in the vesicle whose fluorophores thus
interact differently with the polarized illuminating field
(Fig. 6 A).

Here, by tracking individual fusion events, we measured
this characteristic relationship, which for a given TIRFM
setup and lipid marker quantifies the relative contribu-
tions of evanescent wave decay and polarization effects
to the normalized fluorescence intensity, lTIRF; as a
function of vesicle radius (Fig. 6 D). It can be shown
that the slope at the origin is �l0TIRF=dTIRF; where l0TIRF
is the value at zero radius and dTIRF the decay length
of the evanescent excitation field, 68 nm here (see the
Supporting Material). The best-fit tangent at the origin
yielded l0TIRF ¼ 0:8150:03, a pure polarization contribu-
tion for the label LR-PE, since evanescent field decay
effects are absent as vesicle size tends to zero, and
quenching effects are expected to be negligible as our
lipid labeling densities are below the self-quenching
threshold. l0TIRF being less than unity shows that the
evanescent field polarization (s-polarization here) is a
worse match for labeled lipids in the vesicle, averaged
over all lipid orientations in the spherical vesicle, than
for lipids in the SBL.
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Fusion pores mediated by SNARE proteins flicker
rapidly

When vesicles fused with the SBL, vesicle-to-SBL lipid
release rates were up to two orders of magnitude slower
than they would be through fully open pores (Fig. S1 C).
We conclude that pores flickered at rates T 100 Hz, the
resolution limit of our measurements set by the time for
a lipid to diffuse a distance of the order of the vesicle
size, tves ~ 10 ms. The small release rates could not be
explained by permanently open but narrow pores, as
this would require invoking pore radii, rp; for lipid
release less than the minimum value, ~2 nm, the lipid
monolayer thickness. We remind the reader that our defini-
tion of the pore radius includes the inner monolayer (see
Fig. S1 A, Eq. 1, and below). Thus, SNARE-mediated
pores flicker rapidly in the absence of other fusion-machin-
ery components.
Lipid membranes alone sustain flickering pores

We analyzed the population of slow nonspecific fusion
events (32) and fusion events with protein-free SBLs, for
both of which we assumed SNARE-independent fusion-
pore dynamics. For all compositions but those with the
highest cholesterol levels studied, pores flickered with sta-
tistics similar to those of SNARE-mediated pores: the flick-
ering-pore openness, the fraction that were fully open, and
the cholesterol dependence were similar (Fig. 4, C and D).
This is consistent with previous observations of flickering
pores in protein-free systems (53). This also provides
further evidence that lipid diffusion is not severely
restricted at the fusion pore by SNARE transmembrane do-
mains. Our results suggest that in cells, a major component
of the mechanism of fusion-pore flickering derives from the
biophysical properties of the phospholipid membranes
themselves, independent of SNAREs or other fusion
machinery.
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Cholesterol opens fusion pores by lowering the
pore bending energy

Increasing amounts of cholesterol dramatically opened
fusion pores (Fig. 4, B–D). At physiological cholesterol
levels, flickering pores had a mean openness of Po ~ 0.4,
similar to the values Po � 0:3� 0:8 that we estimate
for exocytotic pores from electrophysiological measure-
ments (3,4,7,10). In addition, ~40% of pores were perma-
nently open, suggesting that this may be true of exocytotic
pores.

It follows that cholesterol lowers the free energy of pore
formation, DFpore, which is closely related to Po. This trend
was consistent for SNARE-mediated and SNARE-indepen-
dent pores, suggesting that the origin lies in membrane en-
ergetics. Thus, adapting the model of (54), we calculated the
change in the fusion-pore bending energy due to cholesterol,
whose negative spontaneous curvature favors the net nega-
tive curvature of the fusion pore. Cholesterol lowered
DFpore, with a reduction of ~43 kBT at physiological levels
(Fig. S5), signifying essentially open pores, Po ¼ 1. These
results can qualitatively explain the experimental trend;
however, we observed that a significant fraction of pores re-
mained flickering, suggesting additional effects beyond this
simple model.
Cholesterol promotes fusion by direct membrane
effects and by indirect promotion of SNARE-
mediated fusion

We found that SNAREs play a very minor role in pore flick-
ering when cholesterol is absent or at intermediate concen-
trations (Fig. 4, C and D), suggesting that cholesterol opens
pores solely through its direct effect on membrane bending
energy for these conditions. However at physiological
cholesterol levels, SNAREs exerted a pronounced pore-
opening effect as their presence increased the fraction of
permanently open pores ~2-fold (Fig. 4 D). Moreover, at
FIGURE 7 Model of promotion of SNARE-

mediated fusion by cholesterol. Cholesterol (trian-

gles) clusters t-SNAREs in target membranes

(left), increasing vesicle docking rates and

providing multiple t-SNAREs that are instantly

available for accelerated fusion (right). Once initi-

ated, the openness of the flickering pore is

increased by cholesterol 1) directly, by lowering

the bending energy of the pore (Fig. S5),

whose negative curvature is compatible with cho-

lesterol’s large, negative spontaneous curvature,

~�0.4 nm�1 (55) (blow up, right); or 2) indirectly,

by increasing the number of SNAREpins at the

fusion pore. Increased openness stabilizes the

pore and may increase content release rates and

accelerate pore dilation (Fig. 1). To see this figure

in color, go online.
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these cholesterol levels, fusion occurred so rapidly after
docking that there was insufficient time to recruit additional
t-SNAREs, suggesting that t-SNAREs were preclustered
at the docking site (Fig. 5 A), which is consistent with pre-
vious reports of cholesterol-mediated t-SNARE clustering
(46–49).

A growing body of evidence suggests that cholesterol
opens pores and augments fusion rates (20,23,24). Our re-
sults suggest that cholesterol facilitates exocytosis both
directly, by lowering the energy to deform membranes
into the severely bent shape of a fusion pore, and indirectly
through its influence on SNARE proteins (Fig. 7). We pro-
pose that by clustering t-SNAREs in target membranes,
cholesterol increases vesicle docking rates and increases
the number of SNAREpins that cooperate to create and
maintain a fusion pore, thereby increasing the openness of
the pore (36). By increasing openness, these effects stabilize
fusion pores, increase rates of content release, and may
accelerate pore dilation.
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Decomposition of the docking-to-fusion delay time distribution into a fast and 

a slow component 

For each fusion event, following docking of a vesicle onto the SBL fusion occurred after a delay 

time 𝜏delay  (Fig. 2B, C). We measured 𝜏delay  from the TIRF signal and for each lipid 

composition we constructed the distribution of delay times, represented as the survivor function 

𝑆�𝜏delay�, the probability fusion has not occurred after a time 𝜏delay  (Fig. S2E). From these 

distributions we found that there are two populations of fusion events: a fast-fusing population 

and a slowly fusing population with significantly longer delay times, similarly to ref. (1). 

Following ref. (1) we interpreted the fast fusers as being SNARE-dependent, and the slow fusers 

as originating in non-specific events and involving fusion pores whose dynamics were not 

controlled by SNAREpins. This enabled us to measure the effects of SNARE proteins on 

flickering fusion pore dynamics, and to study by comparison the dynamics of fusion pores that 

are apparently controlled only by the lipid membranes independently of SNAREs, consistent 

with ref. (1). 

The survivor distributions were well fit by mixed exponentials of the form 𝑆�𝜏delay� =

𝑎 exp(−𝜏delay/𝜏delay) + (1 − 𝑎) exp�−𝜏delay/𝜏ns� where a is the amplitude of the fast fusing 

component and is interpreted as the fraction of vesicles which fuse in a SNARE-mediated 

manner, 𝜏delay is the mean docking-to-fusion delay time for SNARE-mediated fusion, and 𝜏ns is 

the mean delay time for non-specific fusion. Fits were obtained using a maximum likelihood 

estimate using Matlab’s Statistics Toolbox. 𝜏ns was in the range ~2 − 3 s for all compositions, 

~10 times greater than typical mean delay times for specific SNARE-mediated events. 

Method to identify events as fast or slow. We determined a maximum cutoff time for the 

specific SNARE-mediated events, and defined all events with 𝜏delay less (greater) than this time 

to be specific (non-specific) events. The cutoff time was determined as follows. As the parameter 

𝑎 represents the fraction of fusion events which are SNARE-mediated, we varied the cutoff time 

until the fraction of fusion events below this cutoff time matched 𝑎 from the double exponential 

fit. For self-consistency, we checked that the cutoff time was larger than the mean value of the 

delay time for the fast fusers and smaller than the mean value of the delay time for the slow 
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fusers. The cutoff times we find, ~70-600 ms (Fig. S2E), are ~2-6-fold greater than 𝜏delay and 

~4-fold smaller than 𝜏ns. 

The statistics of fusion events between v-SUVs and protein-free SBLs are similar to those 

for the slow component of fusion events between v-SUVs and t-SBLs. We also examined 

fusion events between protein-free SBLs (pf-SBLs) and v-SNARE containing SUVs (v-SUVs). 

To test that the slow component of the fusion events between t-SNARE containing SBLs (t-

SBLs) and v-SUVs represented events for which the fusion pore dynamics were SNARE-

independent, we compared 𝜏ns to 𝜏pf, the mean value of the delay time for pf-SBL/v-SUV fusion 

events. For membranes with 45% (10%) cholesterol in the SUV (SBL) we found 𝜏pf ~ 1.9 s, 

statistically indistinguishable from 𝜏ns for the same composition, Fig. 5A (p>0.05). Similarly, for 

the same composition the openness 𝑃0 ~ 0.05 ± 0.02 of pf-SBL/v-SUVs fusion pores was 

statistically indistinguishable from the pore openness for the slow component of the t-SBL/v-

SUV fusion events (P>0.05, see non-specific events in Fig. 4C). 

These observations are consistent with the hypothesis that the fusion pore dynamics of the slow 

component of t-SBL/v-SUV events are determined by the physical properties of the lipid 

bilayers. 

 

Properties of single fluorescent lipids in the SBL 

In the main text (SNARE-mediated fusion pores flicker or are permanently open, in Results) we 

fit the predicted total intensity time course, eq. 3, to the measured integrated intensity time 

course 𝐼tot(𝑡) for each fusion event to determine the pore openness and vesicle size (Fig. 4). In 

order to perform this fit, we required three single lipid properties: the single fluorescent lipid 

intensity 𝐼lip in the SBL, the fluorescent lipid bleaching time in the SBL 𝜏bleach, and the single 

lipid diffusivity 𝐷lip (Fig. S2). Almost all fluorescent spots released into the SBL upon fusion 

remained bright for a period and then suddenly darkened (bleached) in a single frame, consistent 

with these spots being single fluorescent lipids. In this way, for each lipid we made a ‘digital’ 

measurement of the bleaching time. We confined our single lipid analysis to those which 
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bleached in one step in this manner. Fluorescent lipids were tracked using SpeckleTrackerJ (2), 

and further analysis was performed using Matlab. 

Measurement of single fluorescent lipid intensity, 𝑰𝐥𝐢𝐩. We measured the intensity of a single 

lipid by measuring the average change of intensity upon bleaching. We take the average of the 

total intensity of a lipid in an area 3𝑥3 pixels (0.80 𝑥 0.80 𝜇𝑚2) centered on the lipid, time-

averaged over the final 15 frames for which the lipid fluoresced. We measured the background 

intensity in the same location where the lipid bleached, over the 15 frames following bleaching. 

The latter was subtracted from the former to determine the intensity of the individual lipid. We 

then averaged each of these individual lipid intensities over ~40 lipids to determine the mean 

single lipid intensity 𝐼lip for a given movie, ~1 min in duration (i.e. Fig. S2A). All analysis of 

events from that movie used the measured single lipid intensity from that movie.  

Measurement of single lipid diffusion coefficient,𝑫𝐥𝐢𝐩 . We calculated the mean square 

displacement (MSD) for lipid trajectories lasting ≳ 1.5 seconds and determined the best fit linear 

relation of MSD vs. t over time windows ranging from one to 10 frames (𝑡frame ≈ 17 ms or 31 

ms) to sample a full range of the trajectory. A sample of 7 of these MSD curves is shown in Fig. 

S2B. We then calculated the diffusion constant from MSD = 𝑀𝑆𝐷(0) + 4 𝐷lip 𝑡  for each 

analyzed trajectory. We report a mean ± SEM 𝐷lip averaged from ~20 analyzed lipid trajectories 

for each lipid composition, Table S3. The MSD was calculated in Matlab. 

Measurement of lipid bleaching time in the SBL, 𝝉𝐛𝐥𝐞𝐚𝐜𝐡. We measured the lipid bleaching 

time 𝜏bleach by determining the total duration of single lipid trajectories and then calculating the 

survivor function 𝑓fluor(𝑡) describing many such trajectories. We fit a decaying exponential to 

the survivor function 𝑓fluor(𝑡) =  𝑒−𝑡/𝜏bleach  (Fig. S2C). Approximately 50 bleaching episodes 

were used to calculate the survivor function in each movie. The uncertainty reported is the 95% 

confidence interval from the fitting routine. 

The bleaching rate in the vesicle is much slower than that in the SBL. Our measurements of 

single lipid bleaching were for lipids in the SBL. To determine bleaching rates for lipids in 

vesicles (expected to be lower since the fluorescence emission is lower) we measured the 

bleaching time of entire vesicles 𝜏bleachves  for ∼ 30  vesicles that did not fuse per movie. We 

measured 𝜏bleachves  from the best fit exponential 𝐼tot(𝑡) = 𝐼o exp(−𝑡/𝜏bleachves ) (Fig. S2D). 𝐼tot  is 
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the spatially integrated intensity over a box of size 15x15 pixels centered on the unfused vesicle, 

with the background subtracted off. Repeating this for each movie, we found that the bleaching 

time in vesicles is ~5-8-fold greater than the bleaching time in the SBL. Thus, when we used our 

model to calculate the fluorescence intensity versus time, 𝐼𝑡𝑜𝑡(𝑡) , we neglected fluorescent 

bleaching of lipids in the vesicle (eqs. 3, 4).  

 

Analysis of individual fusion events. 

For each fusion event, we measured the total intensity versus time t, 𝐼tot(𝑡) (Fig. 2B and C). To 

do this, we measured the integrated intensity by drawing a square region of interest of size 

30𝑥30 pixels. We use a box of this size to ensure that all of the lipids remain in the box for the 

duration of the measurement, 1.6 s. We analyzed fusion events with longer release times by 

manually drawing larger boxes based on the specific fusion event. Fusing vesicles were well 

spaced enough that we did not have to account for significant background lipid diffusion into the 

region of interest.  

In TIRFM the evolving fluorescence intensity following a SUV-SBL fusion event provides a 

high time resolution readout of lipid transfer. As described in the main text, when lipids 

diffuse from a vesicle into the SBL through the walls of a fusion pore a rapid increase in 

fluorescence intensity is observed due to the spatial decay of the intensity of the incident 

evanescent wave, and the change in mean lipid orientation when a lipid transfers to the planar 

SBL from the spherical SUV which alters the coupling to the polarized evanescent wave. The 

increase in fluorescence is instantaneous upon transfer of a labeled lipid into the SBL and thus 

provides a very sensitive measure of the fraction of dye transferred between the fusing 

membranes as a function of time, with temporal resolution limited only by acquisition frame 

rates (~100 Hz, which is in turn limited by the exposure time needed to detect single 

fluorophores). In conjunction with a mathematical model of release through a flickering pore, 

this enabled us to accurately measure SUV-to-SBL lipid release times 𝜏release . A fitting 

procedure using the mathematical model was needed because the lipid release kinetics are 

convoluted with bleaching kinetics (Fig. 2C).  
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By comparison the spread of the dye from the fusion site to a distance larger than the optical 

resolution (~250 nm) would take 60 ms or longer (taking Dlip=1 𝜇𝑚2𝑠−1), too slow to measure 

typical release times. In a previous work where we employed the present SUV-SBL fusion assay, 

but used far-field fluorescence microscopy rather than TIRFM, the signal of fusion was taken to 

be this spread of lipids from the fusion site, quantified by the time course of the width of a two-

dimensional Gaussian profile fit to the image sequence representing a fusing vesicle (1).  

A different kind of resolution limit determines the minimum flickering frequency our method 

can access. When a flickering pore opens (Fig. S1A), if it remains open for longer than the time 

for all labelled lipids to diffuse out of the vesicle through the open pore, the signal will be lost 

before completion of a single flicker cycle. This diffusion time is approximately τves, the lipid 

diffusion time for a distance of order the vesicle size (multiplied by a logarithmic factor of order 

unity involving the pore diameter). Thus when we observe a pore openness <1, indicating that 

the release time exceeds τves, the most we can say is that the flickering frequency is higher than 

this lower limit. Given τves~ 10ms for a typical vesicle size, it follows that the pores we measure 

flicker at frequencies ≳ 100 Hz. A similar limitation holds for amperometry, once the contents 

have been released, the pore may continue to flicker without being observed. 

 

Dependence of fusion statistics on vesicle size 

Fusion pore statistics do not depend on vesicle size. Over the vesicle size range (10 𝑛𝑚 ≲

𝑅ves ≲ 80 𝑛𝑚) and lipid compositions studied, our data did not reveal correlations between 

vesicle size and either docking-to-fusion delay times, pore openness 𝑃o or the fraction of pores 

that were permanently open (Fig. S4A-C).  

Fusion probability does not depend on vesicle size. A fraction of vesicles dock but do not fuse 

within the time the labelled lipids in the vesicle have completely bleached. Thus we sought to 

determine whether these vesicles followed a different size distribution to vesicles that fused, as 

this would suggest size-dependence in the fusion mechanism. 

For these events where fusion does not occur we could not use our usual procedure to measure 

vesicle size, which is based on fitting our model to a fluorescence intensity versus time curve 
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𝐼tot(t) during a fusion event. Thus, to obtain the size distribution of such vesicles, we measured 

the docked vesicle intensity 𝐼dock (Fig. 2C) and to deduce the vesicle radius 𝑅ves we used the 

best fit power law relation 𝑅ves = 2.6�𝐼dock/𝐼lip �
0.61

 obtained from the assembled data from 

this study (Fig. 6C).  

We then compared this distribution of non-fusers to the vesicle size distribution for vesicles that 

underwent SNARE-mediated fusion. The comparison showed that the size distributions were 

statistically indistinguishable (Fig. S4D).  

 

Calculation of relation between pore openness and lipid release time 

In the main text (“Fusion pore openness 𝑃o is quantitatively related to lipid release time 𝜏release” 

in Results) we presented results to a mathematical model of diffusion of labeled lipids from the 

membrane of a vesicle through a flickering fusion pore into the SBL membranes, eqs. 1, 3, and 4. 

Here, we describe the derivation of these results, specifically the results for 𝑃o as a function of 

vesicle area 𝐴ves and lipid release time 𝜏release (eq. 1), and the time dependent TIRF intensity 

emission 𝐼tot(𝑡) for both a flickering pore and a permanently open pore (eqs. 3 and 4 of the main 

text). 

We will show below that 𝜙𝑣𝑒𝑠(𝑡) decays exponentially in time for a flickering pore. In parallel, 

we will show that for the special case of a fully open pore the release kinetics are instead of 

power law form, 𝜙ves~ 1/𝑡 (eq. 3). 

The flickering pore is open for a fraction 𝑃o of the time and closed for a fraction 1 − 𝑃o of the 

time. The starting point of the model is the time evolution of the density of labelled lipids in the 

vesicle, 𝑛(𝒙, 𝒕) and in the SBL, 𝜌(𝒓, 𝒕) (Fig. S1A).  

 ∂n/ ∂t = 𝐷lip∇2𝑛 −  𝑄(𝑡)𝛿(𝒙), ∂ρ/ ∂t = 𝐷lip∇2𝜌 +  𝑄(𝑡)𝛿(𝒓),  S1 

where D lip is the lipid diffusivity. From these fields, we calculate the fraction of labelled lipids 

remaining in the vesicle, 𝜙ves(𝑡). The driving force for lipid release from the vesicle into the 

SBL is the density difference across the fusion pore, 𝑛0(𝑡) − 𝜌0(𝑡). The lipid release rate 𝑄(𝑡) is 

the product of this density difference and the pore transmission coefficient 𝑘pore 

 𝑄(𝑡) =  𝑘pore{𝑛(0, 𝑡) − 𝜌(0, 𝑡)}, 𝑑𝜙𝑣𝑒𝑠/𝑑𝑡 = −𝑄(𝑡)/𝑛0𝐴ves ,  S2 
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where 𝑘pore is the pore transmission coefficient and 𝑛o the initial density of labeled lipids in the 

vesicle of area 𝐴ves. For simplicity, we take the pore as a cylinder of height 𝑏 and radius 𝑟p, 

commonly assumed in the interpretation of pore conductances (3-6). The release rate is then the 

flux through a cylindrical membrane tube of cross-sectional length 2𝜋𝑟p, i.e.  

 𝑘pore = 𝑃o 𝐷lip2πrp/b. S3 

Note that 𝑘pore is reduced by the pore openness, 𝑃o, which for a two-state (open/closed) pore is 

the fraction of the time the flickering pore is in the open state. More generally, for a pore whose 

size changes continuously up to some maximum size in the fully open state, 𝑃o is the mean pore 

radius relative to the maximum value. 

We consider two cases: an infrequently open flickering pore (eq. 1) and a permanently open pore 

(eq. 3). We then calculate the total TIRF intensity as a function of time, 𝐼tot(𝑡), for each case, 

allowing us to extract lipid release times 𝜏release, vesicle sizes 𝑅ves, and pore openness 𝑃o for 

individual fusion events.  

The solutions to eq. S1 can be written: 

 
𝑛(𝒙, 𝒕) = 𝐧a − ∫ 𝒅𝒕′𝐐(𝐭′)𝐆𝐬(𝟎,𝐱, 𝐭 − 𝐭′)𝑡

0

 𝜌(𝐫, 𝐭) = ∫ 𝒅𝒕′𝐐(𝐭′)𝐆(𝟎, 𝐫, 𝐭 − 𝐭′)𝑡
0  

,  S4 

where 𝐆𝐬(𝐱′,𝐱, 𝐭) is the Green's function of the diffusion equation in the vesicle, the probability a 

lipid in the vesicle at 𝐱′ diffuses to 𝐱 a time 𝐭 later, and 𝐆(𝐫′, 𝐫, 𝐭) is the same for the SBL. Setting 

𝐫 = 𝐱 = 0 and including eq. S1 and S2 gives: 

 
𝑛0(𝑡) =  𝑛a − ∫ 𝑑𝑡′𝑔(𝑡 − 𝑡′) 𝑡

0

𝜌0(𝑡) = ∫ 𝑑𝑡′𝑄(𝑡′)𝑆(𝑡 − 𝑡′)𝑡
0

 𝑄(𝑡) = 𝑘pore �𝑛0(𝑡) −  𝜌0(𝑡)�

  S5 

where 𝑔 and 𝑆 are the return probabilities for the vesicle and the SBL respectively, namely the 

Green's functions evaluated at 𝐱 = 𝐱′ and 𝐫 = 𝐫′, respectively, and 𝑛0,𝜌0 denote the densities at 

x=0 and r=0, respectively. In general, 𝑘pore  fluctuates with time. However, since measured 

flickering timescales are far less than the lipid release time we assumed that 𝑘pore can be treated 

as a constant, the effective time-averaged value.  

Laplace transforming 𝑡 → 𝐸, the solution is:   



9 
 

 

𝑄 = 𝑘pore𝑛a
𝐸�1+𝑘pore�𝑔(𝐸)+𝑆(𝐸)��

 ,

𝜌0 = 𝑘pore𝑛a𝑆
𝐸�1+𝑘pore�𝑔(𝐸)+𝑆(𝐸)��

 ,

𝑛0/𝑛a = 𝑘pore𝑆
𝐸�1+𝑘pore�𝑔(𝐸)+𝑆(𝐸)��

 ,

 S6 

where 𝑄(𝐸),𝜌o(𝐸),𝑛0(𝐸),𝑔(𝐸),𝑆(𝐸)  are all functions of 𝐸 . Note that 𝐺  is a simple 2D 

Gaussian describing free lipid diffusion in the SBL. Thus, 𝑆(𝑡) =  1/4𝜋𝐷lip 𝑡 , and a crude 

approximation of its Laplace transform is 𝑆(𝐸) ≈ �1/𝐷lip� ln(1/𝐸𝑡b) where 𝑡b = 𝑏2/𝐷lip and 𝑏 

is a pore cut-off scale. 

Lipid release through a flickering fusion pore. If 𝑘pore ≪ 𝐷lip, then 𝑆(𝐸) ≪ 1/𝑘pore for any 

𝐸 > 𝑡b−1𝑒1/𝜖, where 𝜖 = 𝑘pore/𝐷lip. Thus for small enough 𝜖, for all relevant 𝐸 we can delete 

the 𝑘pore 𝑆 terms in eq. S3. In addition, we can replace 𝑔(𝐸) ≈ 1/𝐸𝐴ves with its form for small 

𝐸 (𝐸 <  1/𝜏ves) reflecting the fact that on time scales greater than 𝜏ves a point source uniformly 

covers the vesicle. We justify this below. Thus, eq. S5 gives: 

 

𝑛0 = 𝑛a
𝐸+𝑘pore/𝐴ves

𝜌0 = 𝑘pore𝑛a𝑆
𝐸+𝑘pore/𝐴ves

 𝑄 = 𝑘pore𝑛0

  S7 

The solution is 𝑛0(𝑡) =  𝑛𝑎 exp(−𝑡/𝜏release)  where 𝜏release  =  𝐴ves/𝑘pore . Using the 

expression for 𝑘pore  in eq. S3, we arrive at the expression for pore openness 𝑃o  in terms of 

𝜏release and 𝐴ves of eq. 1 of the main text. Using the expression for 𝑄 in eq. S7 in eq. S2 gives 

 𝜙ves = exp(−𝑡/𝜏release) S8 

In this limit, 𝑛(𝑥, 𝑡) ≈ 𝑛0(𝑡) is uniform because the release time greatly exceeds the vesicle 

diffusion time (since 𝜏release/𝜏ves = 1/𝜖 ≫ 1). Further, the fraction released by time 𝜏ves is thus 

very small. Since 𝑔(𝑡) assumes its long time form (1/𝐴ves) for times 𝑡 > 𝜏ves, this justifies our 

replacing 𝑔(𝐸) with its long time form to obtain eq. S8: these are the only time scales relevant to 

the decay of 𝜙ves. 

TIRF intensity time course through a flickering fusion pore. In this subsection we derive the 

expression of eq. 2 in the main text for the time-dependent total fluorescence intensity of labelled 
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lipids during a fusion event. The total intensity 𝐼tot is the sum of the intensity of lipids in the 

vesicle and the intensity of lipids released into the SBL. The calculation of this quantity rests on 

three principal features. (i) When a lipid in a SUV is released into the SBL its emission increases 

by a factor 1/𝜆TIRF. (ii) We ignore lipid bleaching in SUVs, being significantly slower than for 

lipids in the SBL (Figs. S3C, D). (iii) When a lipid is released through a flickering pore into the 

SBL, in this small 𝑘pore limit that defines a flickering pore it is very unlikely to diffuse back into 

the vesicle. This follows from the fact that 𝑛0 ≪ 𝜌0  in this flickering pore limit, for which 

kpore 𝑆 ≪ 1 (see eq. S7), so the current of lipids is almost completely unidirectional from SUV 

to SBL (see eq. 2 of main text).  

The total intensity for a vesicle is the sum of the contributions of fluorescent lipids which remain 

in the vesicle, and those that are in the SBL and have not yet bleached. The initial number of 

lipids in the vesicle is 𝑁vesa = 𝑛a𝐴ves. The number of lipids in the vesicle decays as eq. S8, that 

is 𝑁ves(𝑡) = 𝑁vesa exp(−𝑡/𝜏release). The rate of fluorescent lipid addition to the SBL is the same 

magnitude as the rate of lipid release from the vesicle. Thus, the number of fluorescent lipids in 

the SBL, 𝑁SBL(𝑡), obeys 

𝑑𝑁𝑆𝐵𝐿
𝑑𝑡

=
𝑁ves(𝑡)
𝜏release

−
𝑁SBL(𝑡)
𝜏bleach

 , 

where we used the fact that for this flickering pore case spatial variations in density in the vesicle 

can be ignored (𝑛(𝑥, 𝑡) ≈ 𝑛0(𝑡) = 𝑁ves(𝑡)/𝐴ves). The solution is 

 
𝑁SBL(𝑡) =

𝑁vesa �𝑒−𝑡/𝜏bleach − 𝑒−𝑡/𝜏release�
(1 − 𝜏release/𝜏bleach)  . S9 

Hence the total intensity is given by 

 𝐼tot(𝑡) = 𝐼lip𝜆TIRF𝑁ves(𝑡) + 𝐼lip𝑁SBL(𝑡) S10 

where 𝑁𝑆𝐵𝐿(𝑡) is given by eq. S9 and 𝑁ves(𝑡) = 𝑁vesa exp(−𝑡/𝜏release). As the vesicle intensity 

at the instant of fusion is 𝐼fus = 𝐼lipλTIRF𝑁vesa , we obtain 𝐼tot(𝑡) in terms of 𝜏release, 𝜆TIRF, and 

𝜏bleach of eq. 2 in the main text by plugging eq. S9 and the expression for 𝑁ves(𝑡) above into eq. 

S8.  
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The case of a permanently open pore. For a fully open pore, 𝑃o = 1, eq. S3 tells us that 

𝑘pore = 𝐷lip2𝜋𝑟p/𝑏. Thus 𝑘pore is of order 𝐷lip (𝜖 ≈ 1), and 𝑘pore 𝑆(𝐸) ≫ 1 for all 𝐸 ≫ 𝑡b−1, ie 

for all relevant 𝐸. Thus from eq. S6 

 𝜌𝑜 ≈ 𝑛0 ≈ 𝑛a𝐴ves𝑆(𝐸)  S11 

Consider the behavior for 𝐸 ≪ 1/𝜏ves. On these time scales 𝐸𝑆 <  1/𝐴ves and we have 

 𝜌o(𝐸) ≈ 𝑛0(𝐸) ≈ 𝑛a𝐴ves𝑆(𝐸), (𝐸 < 1/𝜏ves)  S12 

Thus 𝑛0(𝑡)  decays as 𝑆(𝑡) = 1/(4 𝜋𝐷lip𝑡) , and 𝜙ves(𝑡) ≈ 𝑛0(𝑡)/𝑛a =  𝐴ves𝑆(𝑡) . Hence we 

obtain eq. 4 of the main text 𝜙ves(𝑡) = 𝜏ves/𝑡 . The form of the net TIRF signal 𝐼tot(𝑡) is 

modified from eq. 3 of the main text. Unlike flickering pores, reverse diffusion is significant 

through an open pore: typical lipids transit the fusion pore many times and lipids which have 

bleached will reenter the vesicle, just as fluorescing lipids will. Thus, all lipids have equal 

probability of bleaching and the predicted TIRF fluorescence intensity 𝐼tot(𝑡) for permanently 

open pores is thus eq. 4 of the main text.  

 

Calculation of the number of SNARE complexes at the fusion pore 

using the t-SNARE recruitment model of ref. (1) 

In the main text (“At high cholesterol levels fusion is so accelerated that there is insufficient time 

to recruit t-SNAREs to the fusion site,” Fig. 5A) we report the number of t-SNAREs recruited 

during the docking-to-fusion delay time by vesicle v-SNAREs using the SNARE recruitment 

model that we previously developed in ref. (1). This procedure provides an estimate of the 

number of SNAREpins involved in fusion for each membrane composition, reported in Fig. 5A 

of the main text. 

t-SNARE recruitment model. In ref. (1), we developed a t-SNARE recruitment model to 

determine the number of t-SNAREs, 𝑁⋆, recruited to the vesicle a time 𝜏 after the vesicle is 

docked by formation of the first SNARE complex. The key model assumptions were: (1) t-

SNAREs are homogeneously and randomly distributed throughout the SBL with density ΓS and 

diffuse independently with diffusivity 𝐷S; (2) when a t-SNARE diffuses into the “reaction sink” 
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region of radius 𝑏 beneath the vesicle, it immediately binds an available vesicle v-SNARE to 

form a SNAREpin; (3) fusion occurs instantly when 𝑝 SNAREpins have formed. Thus solving 

the reaction-diffusion equation governing t-SNARE diffusion and binding with v-SNAREs, the 

model-predicted mean number of t-SNAREs recruited after time τ is  

 𝑁⋆(𝜏) = 4𝜋ΓS𝐷S𝜏
ln(𝑐1𝜏/𝜏b)

, 𝜏b = 𝑏2/𝐷S ,  S13 

where the numerical constant 𝑐1 = 1.247. Here we evaluate eq. S13 at the measured mean delay 

time to fusion (𝜏 = 𝜏delay). Thus after accounting for the initial SNAREpin which docks the 

vesicle, the total number of SNAREpins 𝑝 participating in the fusion process for that vesicle is 

 𝑝 = 4𝜋ΓS𝐷S𝜏delay

ln�𝑐1𝜏delay/𝜏b�
+ 1  S14 

Below we estimate the values of the parameters in eq. S14 and thus estimate the number of 

SNAREpins recruited for each membrane composition, 𝑝 − 1. 

Parameter values. To evaluate the t-SNARE diffusivity, we assumed the ratio 𝐷s/𝐷lip remained 

constant across different compositions and equal to 0.10, the value of this ratio that was used in 

ref. (1) based on the SNARE diffusivity measured by Wagner and Tamm (7). Using the single 

lipid diffusivity values of Table S3 for all SBL compositions gives t-SNARE diffusivities of 

0.17, 0.12, 0.15, and 0.04 𝜇𝑚2/s. Assuming that the mobile, active fraction of t-SNAREs in the 

SBL is 0.5 (1, 7), the density of mobile t-SNAREs is ΓS = 41.67/𝜇𝑚2 for our lipid to protein 

ratio (t-L:P=20,000). We take the sink size b=10 nm as in ref. (1). 

Recruitment model predictions. Let us define 𝑛 = 𝑝 − 1  to be the number of t-SNAREs 

recruited to the fusion site before fusion occurs. Using the parameter estimates above in eq. S14 

predicts 𝑛 = 6 ± 3  and 𝑛 = 3 ± 1  for the model composition and the cholesterol free 

physiological composition PC/PS and PC/PS/PE/PIP2, respectively, and 𝑛 = 3 ± 2  for 

physiological compositions with 45% cholesterol in the SUV membranes and 10% cholesterol in 

the SBL membranes. (Note the reported uncertainties in 𝑛  are lower-bounds estimated by 

propagating only the uncertainty in 𝜏delay values.) These 𝑛 values are consistent with the range n 

~ 3-10 reported in refs. (1, 8). In clear contrast, the same procedure when applied to 

physiological compositions with 46% cholesterol in both the SUV and SBL membranes 
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predicted that only 𝑛 = 0.15 ± 0.02  SNAREpins are recruited during the delay to fusion, 

suggesting that there is insignificant time for even a single additional t-SNARE to be recruited to 

the fusion site after docking.  

As discussed in the main text, this could indicate that t-SNAREs are preclustered at docking sites 

with high densities.  

 

Dependence of the TIRF fluorescence reduction factor 𝝀𝐓𝐈𝐑𝐅 on 

vesicle radius 𝑹𝐯𝐞𝐬: coupled contributions from incident evanescent 

intensity decay and polarization effects 

In Fig. 6D of the main text we plotted values of 𝝀𝐓𝐈𝐑𝐅 versus 𝑹𝐯𝐞𝐬 obtained from our analyses of 

many fusion events. Here, we discuss the theoretical relationship between these two quantities 

based on the known characteristics of TIRF microscopy. From this relation we determined the 

tangent of the relation at zero vesicle radius and we fit the tangent to the data of Fig. 6D.  

Consider a vesicle of radius 𝑅ves docked at the SBL as in Fig. 6A. The total TIRF fluorescence 

emission intensity of the vesicle is a sum over all lipid orientations 𝜃 in the spherical vesicle 

membrane 

 𝐼dock = 𝜖𝐼inco 𝜌lip𝜇Q ∫ 𝑑𝜃2𝜋𝑅ves2 sin 𝜃 𝛼P(𝜃)𝑒−𝑅ves[1+cos𝜃]/𝛿TIRF𝜋
0  .  S15 

Here 𝐼inco  is the incident TIRF intensity at the SBL (𝑧 = 0), 𝜖  is the single fluorescent lipid 

emissivity, 𝛿TIRF is the TIRF decay length and 𝜇Q ≤ 1 is the fluorescence quenching factor due 

to a higher labeled lipid density in the vesicle. The mean polarization factor per lipid, 𝛼P(𝜃), is 

the factor by which the lipid intensity is reduced (or enhanced) due to its orientation, for a 

segment of the vesicle bilayer with outward normal oriented at angle 𝜃  relative to the SBL 

normal. We define this factor relative to the situation when the lipid resides in the SBL (𝜃 = 0): 

hence 𝛼P(0) ≡ 1. It arises because the evanescent TIRF wave is polarized, and preferentially 

excites fluorescent labels whose excitation dipoles align with its polarization (9). 𝛼P is the mean 

value per lipid, and is a weighted average over all labeled lipids in the inner and outer 

monolayers of the local vesicle segment. In general it is expected to depend on bilayer curvature, 



14 
 

labeled and unlabeled lipid density and the partitioning of labeled lipids between the two 

monolayers. 

Following fusion of the vesicle, the labeled lipids will be released into the SBL and after 

sufficient time will have diffused to be dilute enough for full dequenching to have occurred. The 

polarization factor for the lipids is then unity. Thus, the total intensity of the released lipids in the 

SBL is given by: 

 𝐼dock = 𝜖𝐼inco 𝜌lip4𝜋𝑅ves2   S16 

The fluorescence reduction factor is the ratio of the total intensities before and after fusion: 

 𝜆TIRF(𝑅ves) = 𝐼dock
𝐼SBL

= 𝜇Q
2 ∫ 𝑑𝜃 sin 𝜃 𝛼P(𝜃)𝑒−𝑅ves[1+cos𝜃]/𝛿TIRF𝜋

0   S17 

We are interested in the form of 𝜆TIRF as a function of 𝑅ves. It is clear from the integral in eq. 

S17 that this dependence is complex, as the effects of exponential TIRF intensity fall off and 

polarization are intimately coupled. Both effects are important. The only practical way to 

establish this crucial function, 𝜆TIRF(𝑅ves), is to directly measure it as described in the main text 

(Fig. 6D). 

Determining the pure polarization effect. Now taking the derivative of 𝜆TIRF(𝑅ves)  with 

respect to 𝑅ves  and setting 𝑅ves = 0 , one obtains a sum of two terms, −𝜆TIRF(0)/𝛿TIRF +

�𝜇Q/2� ∫ 𝑑𝜃 sin𝜃 cos 𝜃 𝛼P(𝜃)𝜋
0 . The second term vanishes, however, from the up-down 

symmetry of the polarization factor, 𝛼P(𝜃) = 𝛼P(𝜋 − 𝜃). Thus 

 
 �
𝜕𝜆TIRF
𝜕𝑅ves

�
𝑅ves=0

=  
−𝜆TIRF(0)
𝛿TIRF

,𝜆TIRF(0) =  �
𝜇Q
2
�� 𝑑𝜃 sin𝜃 𝛼P(𝜃)

𝜋

0
 .  S18 

This shows that, at zero vesicle radius, 𝜆TIRF and its slope are determined by a simple moment of 

the polarization factor 𝛼P(𝜃). To obtain 𝜆TIRF(0), in principle one could measure 𝜆TIRF versus 

vesicle radius (as described in this paper) and extrapolate to zero radius. In the main text we 

outlined an alternative procedure to obtain 𝜆TIRF
o ≡ 𝜆TIRF(0) which is based on the slope at the 

origin, and is preferable because our data is noisiest for small vesicles, whose small lipid release 

times are covered by fewest time frames in our intensity profiles. For small 𝑅ves (we used data 

points with 𝑅ves < 35 nm) we fit our 𝜆TIRF versus 𝑅ves data to a linear relation with the correct 

slope, as given by eq. S18 (dashed red line, Fig. 6D). Constraining this tangent to have intercept 
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𝑅ves = 𝛿TIRF = 68  nm, the experimentally measured evanescent field penetration depth (see 

Materials and Methods), and extrapolating to zero vesicle size we could read off 𝜆TIRF
o = 0.81 ±

0.03. For our experimental system, 𝜆TIRFo  is essentially a pure polarization effect because self-

quenching is expected to be negligible at the dilute lipid labeling densities we used (0.6-0.8 mole 

%, see Table S1). 

Quantitative model of the effect of cholesterol on the fusion pore 

bending energy 

A number of theoretical studies have analyzed the energetics of the membrane fusion pore (10, 

11). Here we estimated the reduction by cholesterol of the bending energy of the highly bent 

fusion pore using a simple extension of a mathematical model developed in ref. (12). This is a 

strong effect because cholesterol has negative spontaneous curvature, and the fusion pore has a 

net negative curvature. The model quantifies the elastic properties of the lipid leaflets that 

constitute the pore. Our aim is to predict the influence of cholesterol on the free energy of pore 

formation, Δ𝐹pore, which is closely related to pore openness 𝑃0 (see main text).  

Consider two planar bilayers, whose neutral surfaces are separated by distance 2h (Fig. S5A). 

We assume each bilayer is symmetric and we will consider each of the physiologically motivated 

compositions that we treated in our experimental study (PC/PS/PE/PIP2, PC/PS/PE/PIP2/Ch, 

PC/PS/PE/PIP2/Ch+, Tables S1, S2.). What is the free energy to create a fusion pore, Δ𝐹pore? 

How is this free energy change affected by the addition of cholesterol? We assume the pore is 

torroidal in shape (10) with radius 𝑟p. Hence each monolayer of the pore is also torroidal with 

dimensions adjusted by the monolayer thickness 𝛿 (Fig. S5A). Kozlov et al (12) calculated the 

elastic bending energy of such torroidal monolayers as 

 

𝐹monolayer = 𝜋𝜅

⎩
⎨

⎧ 2�ℎ + 𝑟p�
2

ℎ�𝑟p�𝑟p + 2ℎ�
atan�

𝑟p + 2ℎ
𝑟p

+ 𝐶o�2𝜋�𝑟p + ℎ� − 8ℎ� − 4

⎭
⎬

⎫
 

S19 

where 𝜅 is the monolayer bending modulus and 𝐶o is the monolayer spontaneous curvature. We 

applied this equation to the situation of two monolayers that constitute a fusion pore as follows.  

(1) Pore geometry required that the parameter h for membrane separation be increased 
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(decreased) by one-half of the monolayer thickness of 2 nm for the inner (outer) leaflets; we took 

an intermembrane headgroup separation of 7 nm so accordingly we used h=4.5 nm for the outer 

leaflets and h=6.5 nm for the inner leaflets.  (2) Similarly the pore radius 𝑟p  was increased 

(decreased) by one-half of the monolayer thickness of 2 nm for the outer (inner) leaflets. (3) We 

calculated the spontaneous curvature 𝐶o by taking the weighted average of all 𝐶𝑜 values for the 

individual lipid species in the bilayer.  For the inner and outer leaflets we used in the formula of 

Eq. S19 a spontaneous curvature equal to −𝐶0 and +𝐶0 , respectively, reflecting the opposite 

orientations of the two leaflets. (4) We took the monolayer bending modulus to be 𝜅 =

12 kT (13).  (5) We summed the outer and inner monolayer energies to find the total energy of 

pore formation, Δ𝐹pore = 𝐹monolayerouter + 𝐹monolayerinner .  For each membrane composition we allowed 

the pore radius to anneal, and we found that the pore radius corresponding to the lowest free 

energy of the fusion pore was independent of the spontaneous curvature of the individual 

leaflets.  

To examine the mechanisms by which cholesterol may promote the open state of the fusion pore, 

we calculated the free energy advantage of adding cholesterol to the leaflets. In eq. S19, the 

different amounts of cholesterol had the effect of changing 𝐶o (we assumed bending modulus 𝜅 

was unaffected). To calculate the spontaneous curvature 𝐶o for each level of cholesterol, we took 

the weighted average of the spontaneous curvature of each of the components. We took the 

spontaneous radius of curvatures of PC, PS, PE, and cholesterol to be -9.9, 14.4, -2.8, and -2.7 

nm, respectively (13, 14). We find that the addition of moderate levels of cholesterol to 

physiological mimic compositions (45% and 10% cholesterol in SUV and SBL membranes, 

respectively, composition PC/PS/PE/PIP2/Ch) lowers the free energy of pore formation by ~8 

kT, while with physiological cholesterol levels (46% in all membranes PC/PS/PE/PIP2/Ch+) the 

free energy of pore formation was lowered by ~43 kT (Fig. S5B).  We note that the predicted 

free energies should be viewed as semi-quantitative because for simplicity of calculation it was 

assumed that the membranes are planar away from the pore, whereas in reality the vesicle 

membrane is curved.   
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Lipid compositions used in this study (details) 
 

Symbol PC (%) DOPS (%) SAPE (%) PIP2 (%) Chol (%) Label (%) PEG-PE Label 

𝜶𝐜𝐡𝐨𝐥+  22.53 11.57 15.43 - 45.99 0.62 3.86 LR-PE 

𝜶𝐜𝐡𝐨𝐥 
23.75 12 15 - 45 0.8 3.45 LR-PE 

23.55 12 15 - 45 1 3.45 DiI 

𝜶 

67.2 12 15 - - 0.8 5 LR-PE 

67 12 15 - - 1 5 DiI 

59.2 15 20 - - 0.8 5 LR-PE 

𝜷 79.2 15 - - - 0.8 5 LR-PE 

Table S1-Lipid compositions for vesicle membranes. Symbols 𝜶𝐜𝐡𝐨𝐥+ , 𝜶𝐜𝐡𝐨𝐥 , 𝜶, and 𝜷 denote 
PC/PS/PE/PIP2/Ch+, PC/PS/PE/PIP2/Ch, PC/PS/PE/PIP2, and PC/PS, respectively. PC denotes 
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine, POPC, except for composition 𝜷 where it 
denotes 1,2-dioleoyl-sn-glycero-3-phosphocholine, DOPC; DOPS denotes 1,2-dioleoyl-sn-
glycero-3-phospho-L-serine; SAPE denotes 1-stearoyl-2-arachidonoyl-sn-glycero-3-
phosphoethanolamine; PIP2 denotes phosphatidylinositol 4,5-bisphosphate; LR denotes the 
fluorescent group lissamine rhodamine B.  

 

 

 

 

  



18 
 

Symbol PC (%) DOPS (%) SAPE (%) PIP2 (%) Chol (%) Label (%) PEG-PE (%) 

𝜶𝐜𝐡𝐨𝐥+  18.91 11.57 15.43 3.86 45.99 0.38 3.86 

𝜶𝐜𝐡𝐨𝐥 54.9 12 15 3 10 0.5 4.6 

𝜶 
64.5 12 15 3 - 0.5 5 

54.5 15 20 5 - 0.5 5 

𝜷 79.5 15 - - - 0.5 5 

Table S2- Lipid compositions for SBL membranes. Symbols have same meaning as for Table S1. 
Label for SBL is NBD-PE, which denotes 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(7-
nitro-2-1,3-benzoxadiazol-4-yl). 
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Symbol 𝑫𝐥𝐢𝐩 (𝝁𝒎𝟐/𝒔) Label 

𝜶𝐜𝐡𝐨𝐥+  0.45 LR-PE 

𝜶 
1.17 LR-PE 

1.43 DiI 

𝜶𝐜𝐡𝐨𝐥 
1.49 LR-PE 

2.39 DiI 

𝜷 1.7 LR-PE 

Table S3- Diffusion constants for each lipid membrane composition studied, and for each label 
used. Calculated from the measured mean square displacement curves for each composition (Fig. 
S2B). 
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Supplementary Figures 

 

Figure S1- (A) Model of lipid release from a vesicle through a flickering fusion pore. Schematic 
of model. The pore is centered at 𝑥 = 0 in the vesicle and 𝑟 = 0 in the SBL. The density of 
labelled lipids in the vesicle is 𝑛(𝑥, 𝑡) and in the SBL is 𝜌(𝑟, 𝑡). Here, we model the pore as a 
cylinder of length 𝑏 = 15 nm and radius 𝑟p = 3 nm. The pore radius is measured from the center 
of the pore to the centerline of the bilayer. During open periods of the pore, lipids can diffuse 
through the membranes of the neck of the pore into the SBL membranes; the net flux is 
proportional to the density difference across the pore multiplied by the fraction of the time the 
pore is open, Po (eqs. S1 and S2). (B) Measured overall distribution of Po values, for all 
compositions. Mean openness for flickering pores is 0.14±0.01 and the fraction of pores that are 
permanently open is 15%. Bin size 0.05. (C) Measured distribution of lipid release times across 
all compositions. Bin size is 0.02 s. 
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Figure S2- Single lipid properties needed for fusion event analysis, and measured docking-to-
fusion delay time distributions. (A-C) Single lipid resolution enables accurate measurement of 
diffusivity, bleaching time and single lipid emission. Plots shown for PC/PS membrane 
composition. (A) Distribution of measured single lipid intensities, 𝐼lip, in a typical movie. (B) 
Mean square displacement versus time for seven lipid trajectories. (C) Digital measurement of 
bleaching time 𝜏bleach. Labeled lipids in the SBL suddenly ceased fluorescing, indicating that 
these fluorescing spots were individual lipids. The survivor fraction is shown for a sample movie, 
fit to an exponential exp−𝑡/𝜏bleach  (red curve). (D) Bleaching of lipids in vesicles is much 
slower than for lipids in the SBL. Emission intensity versus time for two representative unfused 
vesicles. Each is shown with a best fit curve to a decaying exponential 𝐼(𝑡) = 𝑒−𝑡/𝜏bleach

ves
 where 

𝜏bleachves  is the bleaching time in the vesicle. Both events are for PC/PS/PE/PIP2/Ch+ membrane 
composition. The bleaching time of the Docked Vesicle 1 (data: red points, best fit exponential: 



23 
 

green curve) is 19.9 s. The bleaching time for Docked Vesicle 2 (data: blue points, best fit 
exponential: gold curve) is 16.0 s. Both values are much greater than 3𝑠 ≲ 𝜏bleach ≲ 5𝑠, the 
bleaching time in the SBL. (E) Docking-to-fusion delay time distributions: measured survivor 
functions for all compositions. Mean delay times 𝜏delay for each composition are shown, along 
with 95% confidence interval. Colored ticks on the x-axis indicate the cutoff times used to 
separate the SNARE-mediated and non-specific fusion events. The cutoff times were obtained by 
fitting double exponentials to the survivor functions. (F) Docking-to-fusion delay time 
distributions for fusions between protein-free SBLs and v-SNARE containing SUVs, for lipid 
composition PC/PS/PE/PIP2/Ch that contains 45% (10%) cholesterol in the SUV (SBL) (see 
Tables S1, S2). Measured survivor function (blue curve) and best fit exponential (red curve) with 
delay time 𝜏pf = 1.9 s are plotted. There is no statistically significant difference between this 
distribution and the long tail of the slow component of the delay time distribution for 
PC/PS/PE/PIP2/Ch fusion events between v-SUVs and t-SBLs (p>0.05), part (E).  
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Figure S3- Vesicle-to-SBL lipid release kinetics through permanently open pores have power 
law dependence on time. Our model predicts that the number of lipids remaining in the vesicle 
decays as 𝜙ves(t)~𝜏ves/𝑡 for a fully open fusion pore where 𝜏ves is the diffusion time on the 
scale of the vesicle and depends on vesicle size (see main text). The pooled 𝜙ves(𝑡) data that we 
measured for all fully open fusion pores (𝑃o = 1, left panel) collapsed onto a single power law 
relation when plotted against time scaled with 𝜏ves. The best fit power law (blue line) was 𝑡−𝛼 
with 𝛼 =  −0.99 ± 0.22, very close to the model prediction. The same procedure applied to 
flickering pores with relatively small openness (𝑃o ≤ 0.15, right panel) produced a best fit power 
law exponent 𝛼 = −0.68 ± 0.09.   
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Figure S4- Statistics of fusion reveal no dependence on vesicle size. (A) Docking-to-fusion delay 
times versus vesicle size showed no correlations (𝑐corr = −0.04, n=772, SNARE-mediated and 
non-specific events). Data shown represents all fusion events measured in this study for which 
both SBL and SUV membranes contained SNARES, for all compositions (Tables S1,S2). (B) 
Pore openness is not correlated with vesicle size, (𝑐corr = 0.05, n=555 specific fusion events). 
Data shown represents all SNARE-mediated fusion events measured in this study (fast 
component of delay time distribution) for all compositions. (C) Fraction of pores that are 
permanently open is not correlated with vesicle size (𝑐corr = -0.04). Bin size 10nm. Same fusion 
events as for (B). (D) Mean size of vesicles that undergo SNARE-mediated fusion (solid bars) is 
statistically indistinguishable from mean size of docked vesicles that do not fuse during the 
bleaching time (dotted bars), 𝑃 > 0.05. The comparison is shown for three lipid membrane 
compositions.   
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Figure S5- Cholesterol lowers the bending energy of fusion pores: calculation of pore bending 
energy using an elastic model of the fusion pore. (A) Schematic of a fusion pore, side view. The 
membranes have asymptotic separation 2h and the pore radius is 𝑟p. Each leaflet has thickness 𝛿. 
(B) Free energies were calculated for the biologically motivated family of lipid compositions 
(Tables S1, S2) using eq. S20. The change in free energy of pore formation relative to zero 
cholesterol (PC/PS/PE/PIP2) is plotted versus cholesterol content. Values for the two 
cholesterol-rich compositions studied (PC/PS/PE/PIP2/Ch, PC/PS/PE/PIP2/Ch+) are indicated. 
High cholesterol levels produce enormous free energy decreases, indicating a powerful 
stabilizing effect on the open state of the pore. 
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Figure S6- (A, B). Measured distributions of pore openness were not significantly different 
(p>0.05, student's t-test) for two distinct fluorescent lipid labels, lissamine-rhodamine-tagged PE 
(LR-PE) and the lipophilic dye DiI. This was true for both lipid compositions PC/PS/PE/PIP2 
and PC/PS/PE/PIP2/Ch. These results are consistent with LR-PE diffusion not being 
anomalously suppressed in the fusion pore and the validity of the Po values inferred from release 
kinetics of LR-PE through fusion pores. (C) Distributions of fusion pore openness for SNARE-
mediated and non-specific fusion events between membranes having high cholesterol content 
(lipid composition PC/PS/PE/PIP2/Ch+). The fraction of pores that were fully open was ~2-fold 
higher when SNAREs mediated the pores. 
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Figure S7- Additional examples of simultaneous contents and lipid release during v-SUV/t-SBL 
fusion, measured with TIRFM (cf. Fig 3). (A) vSUVs with 45 mole % cholesterol, (B) 
cholesterol-free vSUVs contained 1 mole % DiD lipid dye and encapsulated 10 mM soluble 
contents marker SRB. DiD and SRB were simultaneously excited using 638 nm and 561 nm 
laser lines, respectively. The emission was split to observe DiD (top trace, blue) and SRB (red 
trace) fluorescence signals simultaneously projected onto an EMCCD detector. Total intensities 
from a region 20 pixels by 20 pixels (5.3 µm x 5.3 µm) are plotted (18.3 ms resolution) for both 
the lipid (upper trace, blue) and contents (lower trace, red) signals for representative events. 
Snapshots from the lipid (blue) and contents (red) signals are shown in inverted false colors. 
When docking was clearly visible in the lipid channel, the contents channel was still dim, 
because SRB was encapsulated at self-quenching concentrations (#1). In the same frame in 
which the lipid signals begin to increase, announcing lipid mixing, the contents signals also 
increase (dashed vertical line), due to dilution and dequenching of encapsulated SRB as 
molecules escape through the pore. Once lipid transfer is complete (shortly after the maximum in 
the blue trace), the intensity in the lipid channel decreases due to photobleaching (#3), as in Fig. 
2. The SRB signal was abruptly lost seconds after the initial dequenching (#4) in ~20% of 
events. .  
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