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ABSTRACT
Origin of Exocytotic Fusion Pore Dynamics

Benjamin S. Stratton

Vesicular membrane fusion involves the release of contents in a broad array of biological
systems, such as intracellular trafficking, secretion, fertilization, and development. It is also
a critical step in the infection of cells by membrane enveloped viruses such as HIV,
influenza, and Ebola. SNARE proteins form the core of the fusion machinery in nearly all
intracellular fusion processes. The initial complete connection between two fusing
membranes is the fusion pore. There is considerable evidence that both the fusion
machinery and the biophysical properties of the membranes themselves affect contents
release, lipid mixing, and fusion kinetics, but the mechanisms are poorly understood.
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 contributions from different influences are almost
impossible to separate. This thesis examines the biophysical mechanisms by which

SNAREs and lipid composition control fusion rates and fusion pore kinetics.

First, we studied fusion pore flickering in vitro. We used total internal reflection
fluorescence (TIRF) microscopy to quantify fusion pore dynamics in vitro and to separate
the roles of SNARE proteins and lipid bilayer properties. To interpret the experimental
measurements quantitatively, we developed a mathematical model to describe the diffusion
of labelled lipids from a vesicle, through a flickering fusion pore, and into a supported
bilayer. When small unilamellar vesicles (SUV) bearing neuronal v-SNAREs fused with

planar bilayers (SBL) reconstituted with cognate t-SNARES, lipid transfer rates were



severely reduced, suggesting that pores flickered. We developed an algorithm which
included a complete description of fluorophores in the TIRF field. We accounted for the
intensity decay of the evanescent TIRF wave normal to the SBL, the polarization of the
evanescent TIRF wave, and any potential quenching effects. In general, the first two effects
are coupled. This algorithm allowed us to measure the sizes of docked vesicles using

fluorescent microscopy.

From the lipid release times we used the model to compute pore openness, the fraction of
the time the pore is open, which increased dramatically with cholesterol. For most lipid
compositions tested SNARE-mediated and non-specifically nucleated pores had similar
openness, suggesting that pore flickering 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-SNARESs being pre-clustered by
cholesterol into functional docking and fusion platforms. Our results suggest that
cholesterol opens pores directly by reducing the fusion pore bending energy, and indirectly

by concentrating a number of SNAREsS into individual fusion events.

In the second part of the thesis, | describe my contributions to a project in which a
mathematical model was developed to describe the behavior of SNAREpins connecting
SUVs of different sizes to a planar membrane. It was necessary to quantify the membrane-
membrane and SNAREpin-membrane interaction forces. By combining the well-known
van der Waals, electrostatic, and steric-hydration membrane forces with the SNAREpin-
membrane-electrostatic interactions | developed a complete description of the membrane

forces involved in SUV-SBL fusion. We then combined the description of the interactions



with experimentally measured SNARE zippering energies. We find that the predominant
driving forces for membrane fusion, once the SNAREpins have completely zippered, are
steric-hydration forces among the SNAREpins and membranes. These forces enlarge a

SNAREpin cluster, which in turns pulls the membranes together due to curvature effects.
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Chapter 1- Introduction

Membrane fusion, the merging of two opposing membranes into a single continuous lipid
bilayer, is critical for many biological processes such as secretion, fertilization, and
intracellular transport [1-3]. In neurotransmission, synaptic vesicles fuse with the plasma
membrane and release neurotransmitter across the synapse [4, 5]. During fertilization,
cortical granules fuse with the plasma membrane of the egg [6, 7] and acrosomal vesicles
fuse with the sperm [7]. Endocrine cells secrete hormones by fusion of granules with the
plasma membrane, for example pancreatic beta cells release insulin [8]. A complex protein
fusion machinery mediates intracellular fusion events, and Soluble NSF Attachment
Receptor (SNARE) proteins form the core of the fusion machinery in nearly all of these
systems [1, 8]. A key step in infection by membrane-enclosed viruses such as HIV,
influenza, Ebola is membrane fusion [9]. A critical step in all of these processes is the
formation of a fusion pore which connects membrane enclosed compartments and is
essential for contents release. It has been demonstrated that the fusion pore is a dynamic

structure.

|- Exocytosis and the fusion machinery

SNAREsS constitute the core of the cell’s fusion machinery [1, 10-12], and have been shown
to be the minimal machinery for fusion [13]. The neuronal SNAREs are the vesicle
associated v-SNARE synaptobrevin (syb, VAMP), and the target membrane associated t-

SNARESs syntaxin (stx) and SNAP-25 which form the t-SNARE acceptor complex [11]



(Figure 1.1). Fusion is driven by N- to C- terminal complexation (“zippering”) of the v-
SNARE with the t-SNARE acceptor complex to form a 4-a-helical SNAREpin [1, 11, 13-
16], though the mechanism by which the formation of a SNAREpin drives fusion is
unclear. VAMP and syntaxin contribute one helix each, and SNAP25 contributes 2 helices
to the 4-a-helical SNAREpin bundle. Post fusion, the SNAREs form the highly stable cis
complex [15, 17-20], which is then disassembled by ATP-driven NSF and SNAP [21, 22].
Both syntaxin and synaptobrevin are anchored by transmembrane domains in the plasma
membrane and the vesicular membrane respectively [11, 15], while SNAP-25 is attached
to the plasma membrane by palmitoylation of cysteine residues in the linker region between
the two SNARE domains [23-26]. Syntaxin has a three helix N-terminal regulatory domain,
known as the Hanc domain. Prior to the formation of the t-SNARE acceptor complex, the
Hanc domain folds back upon the SNARE domain of syntaxin, resulting in the closed

conformation [27-32].
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Figure 1.1-

The crystal structures of the fusion machinery. (A) The trans-SNARE complex, consisting of
VAMP (blue), syntaxin (red), and SNAP25 (green). VAMP and syntaxin are anchored by
transmembrane domains. (B). The cis-SNARE complex, shown with the regulatory Han. domain of
syntaxin. (C) An example of the regulatory SM protein, here Munc18-1, which highlights the clasp
structure which binds to syntaxin. (D) A cis-SNARE complex bound by complexin (magenta). (E)
The structure of synaptotagmin, highlighting the Ca?* binding domains. Panel (A) Taken from ref.
[11]. Panels (B-E) taken from ref. [27].

In addition to SNARES, two of the most extensively studied components of the fusion
machinery are complexin and synaptotagmin, which are critical for coordinating fusion
with the arrival of an action potential to the synapse [33-38]. Both complexin [33-42] and
synaptotagmin [43-51] are critical for regulation of SNARE mediated fusion in vivo [52].
Complexin inhibits basal and spontaneous fusion [37, 38, 42], but promotes synchronous
neurotransmitter release [40], two seemingly contradictory roles. Complexin is thought to
prevent SNARE complexation by “clamping” the v-SNARE synaptobrevin in the partially
zipped onto the fully formed t-SNARE acceptor complex [35]. It has recently been shown
that the accessory helix of complexin clamps the neighboring partially zippered
SNAREpin, and many SNARE-complexin units form a “zigzag” array [37, 38]. Additional
studies have suggested that this structure is physiologically relevant [38]. Synaptotagmin

is the Ca2* sensor for exocytosis [23, 43-50, 53-64], and has two calcium binding domains,



C2A and C2B (Figure 1.1), that may insert into the membrane or interact with other
accessory proteins after binding with Ca?* [51]. The domains are connected by an
unstructured linker domain. It has been suggested that upon Ca?* binding, synaptotagmin
may perturb the membranes to promote fusion. A functional form of complexin is required
for synaptotagmin to effectively promote fusion in the presence of Ca?* [37], but it is

uncertain how these two accessory proteins interact with SNARES to drive exocytosis.

Beyond these proteins, intracellular fusion is regulated by several additional accessory
proteins. Multi-subunit tethering factors such as the yeast and mammalian exocysts help to
spatially target vesicles to the active zone of the plasma membrane by interacting with the
cytoskeleton [65]. Muncl13/Rim-like proteins are thought to assist in vesicle priming and
localization to active regions of the plasma membrane [14]. Muncl3 has also been
implicated in the opening of syntaxin and apparently plays a role in the plasticity of the
synapse [14]. RIM1a initially was shown to be a Rab3 effector [66, 67] and is critical for
both long- and short-term plasticity [68]. Sec-1/Munc-18-like (S/M) proteins, while poorly
understood, are essential for regulated membrane fusion, have been observed binding to
the closed conformation of syntaxin in regulated exocytosis, and may assist in SNAREpin

formation [14, 27, 32, 69-71].

Deficiencies in SNARE-mediated fusion, interactions between SNAREs and accessory
protein, and SNARE expression have been implicated in a wide range of diseases.
Abnormal aggregation of SNARE regulation protein a-synuclein has been demonstrated in
patients with dementia with Lewy body, and it was suggested that SNARE dysfunction is
the cause [72, 73]. Abnormal syntaxin binding to Munc-18 has been implicated as a cause

of immunological diseases such as familial hemophagocytotic lymphohistocytosis [74].



Reduced expression of syntaxin, synaptotagmin, and SNAP25 have been correlated with
reduced insulin secretion from pancreatic islets from patients with type 2 diabetes [75].
Increased levels of SNAP25 expression have been demonstrated in patients with bipolar |
disorder [76]. Even with significant evidence implicating SNAREs and exocytotic
accessory proteins in various diseases, the fundamental mechanisms of SNARE-mediated
exocytosis are not well understood, and thus the mechanisms by which SNAREs may

directly or indirectly cause these diseases has not been identified.

Reconstituted in vitro studies have been essential in the efforts to interrogate and
understand the mechanisms by which SNAREs drive fusion. The use of fluorescence
microscopy has been central in the quest for the mechanisms of fusion and the role of
SNARE proteins [13, 47, 77-85]. Individual fusion events can be tracked with total internal
reflection fluorescence microscopy (TIRFM), a method that probes a thin layer near the
target membrane [13, 47, 78-82]. Reconstituted fusion studies have helped to identify the
role of individual components of the cell's fusion machinery. This strategy has revealed
that SNAREs are the minimal fusion machinery [13], that 1-11 SNARESs are required to
achieve fusion on biological timescales [77, 84, 85] and that, in the absence of auxiliary
fusion proteins such as synaptotagmin, complexin, or SM proteins, SNAREs can drive
fusion after delay times between docking and fusion ranging from ~ 30 s [78, 79] to ~ 25

ms [77, 81].

One of the primary motivations for studying membrane fusion and exocytosis is that
nervous system uses exocytosis to communicate. The nervous system is highly complex.
In the human brain, there are ~100 billion neurons which form trillions of synaptic

connections [5]. For essential function, the neurons must communicate across synapses.



Neurotransmission involves: 1) an input signal, such as the tapping of the knee to test one’s
reflexes. 2) electrical signal propagation. The neuron transmits a signal electrically in the
form of an action potential, which depolarizes the plasma membrane [86-88]. 3) chemical
signal propagation, by release of neurotransmitter into the synaptic cleft. When the action
potential reaches the synapse, Ca?* enters the presynaptic terminal and causes
neurotransmitter, such as dopamine or acetylcholine, to be released into the synaptic cleft,
for example to a neighboring neuron or muscle [4, 66, 89, 90]. The neurotransmitter can
then either activate or inhibit the activity of the neighboring cells. While these basic steps

are known, the specific mechanism of neurotransmitter release is not well understood.

Neurotransmitters are small molecules that transmit signals across a synapse from a neuron
to the postsynaptic cell by binding to receptors on neurons or muscle cells [4, 66, 89, 90]
(Figure 1.2). Neurotransmitters are typically stored in small, synaptic vesicles (~50 nm
diameter), which are positioned at the active zone of the neuron [4]. Neurotransmitter
release is triggered by the arrival of an action potential which depolarizes the cell
membrane and opens Ca?* channels in the presynaptic terminal [86-88, 91, 92]. These ion
channels are more highly concentrated at the active zone [4]. The increase in calcium
concentration activates the fusion machinery via synaptotagmin [45]. The fusion
machinery then drives the formation of the initial connection between the vesicle lumen
and the extracellular space, the nascent fusion pore [4, 45, 46, 49, 93]. The formation of
the fusion pore is the essential initial step in the release of vesicular contents, such as
neurotransmitters [94]. Extensive study of neurotransmission, as well as other forms of

exocytosis, have suggested that the nascent fusion pore is a highly dynamic structure.
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Figure 1.2-

The sequence of neurotransmitter release at the synapse, taken from ref. [5]. Ca?* (red) influx occurs
upon activation by the presynaptic action potential. This activates the fusion machinery, which in
turns opens the fusion pore and releases the neurotransmitter (blue). Neurotransmitter then binds
to receptors on the postsynaptic cell.

I1- The dynamic fusion pore

Present understanding of the fusion pore is based primarily on live cell studies using
electrophysiological methods such as amperometry and admittance to track fusion [94].
These studies suggest exocytotic fusion pores are highly dynamic structures that may
control secretion [43, 56, 94-113], and that the pore dynamics consist of rapid transitions
between several states (Figure 1.3): (i) Closed pore (unfused membranes); (ii) open pore
(fused membranes, but the pore is so narrow that contents are slowly released); (iii) fully

developed fusion pore (sufficiently expanded to initiate vesicle collapse).
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Figure 1.3-

Flickering dynamics of membrane fusion pores (schematic). A vesicle docks onto a planar
membrane by complexation of vesicle v-SNARES (blue) with t-SNAREs (red, yellow, green).
Fusion of the membranes creates an open pore through which contents are released. Live cell
electrophysiological studies show that fusion pores flicker rapidly and repeatedly between closed
and open states, then dilating to become fully developed pores, or permanently closing. In chapter
2, we tracked flickering of fusion pores by monitoring release of labeled vesicle membrane lipids
(yellow) into the planar membrane. Release is retarded because the pore is open only a fraction P,
of the time.

Flickering of the fusion pore between the open and closed states is indicated by signal
flickering during the early portion of admittance and amperometric measurements. Pore
flickering has been observed in fusion of vesicles of radius ~ 50 nm — 1 pm [43, 94, 96,
97, 105, 107-112, 114, 115]. Amperometric measurements signal fusion by a sharp current
spike as vesicular contents arrive and are oxidized at the electrode. Pore flickering is
frequently indicated in amperometry by a small amplitude signal prior to the spike known
as the pre-spike foot (PSF), which may exhibit signal fluctuations. The pre-spike foot

duration ranges from ~30-500 ms [96, 97].

Admittance measurements are typically broken into two components, conductance and
capacitance. Capacitance measurements signal fusion by an increase from one stable signal
level to another stable signal level [94, 107, 116], and the increase in signal represents the
total membrane area added to the cell membrane. Conductance measurements signal fusion

and fusion pore expansion by an off-scale signal increase [94, 97, 117], and the magnitude



of the transient signal represents the size of the fusion pore. Conductance and capacitance
measurements display pore flickering prior to the development of the fusion pore, by either
small amplitude signal fluctuations (conductance) or by rapid fluctuations between two

different signal levels (capacitance) [94, 102, 107, 111].

During transient fusion events where the vesicle does not completely collapse into the
target membrane (kiss-and-run), pore flickering has been observed using all measurement
techniques [108-111, 113, 118, 119]. Flickering in kiss-and-run fusion occurs with varying
durations and frequencies. For example, in the ventral midbrain neurons, kiss-and-run
fusion was observed using amperometry. Approximately 80% of events were “simple”
with one flicker, while the remainder were “complex” with 2-5 flickers. Each flicker lasted
~100 pus [106]. Both complete fusion with a clearly defined pre-spike foot and kiss-and-
run fusion in catecholamine cells was observed using amperometry. Complete fusion
occurred in ~80% of events. Each kiss-and-run event lasted for ~150 ms, ~4-fold longer
than the pre-spike foot in the same cell type [108]. Using admittance, large dense core
vesicles and microvesicles of the posterior pituitary nerve terminal have been shown to
predominantly undergo complete fusion, and ~5% of the time undergo kiss-and-run fusion.
The duration of kiss-and-run fusion of microvesicles (~50 nm diameter) is ~300 ms, while

that of large dense core vesicles (~150 nm diameter) is ~500 ms [111].

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 releases only small cargo through flickering
fusion pores, whereas increased stimulation leads to release of all cargo sizes through pores

that rapidly dilate [113]. Although more challenging to detect, pore flickering also occurs
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during exocytosis at the synapse [106, 110, 111] and may serve to regulate synaptic

strength [120].

Fusion pore dynamics are altered by mutations in SNAREs and other components of the
fusion machinery [43, 98, 121]. By replacing individual residues of the TMD of syntaxin
with a tryptophan residue, the amplitude of the PSF was reduced by ~10-15% [98]. These
are not residues which have been shown to interact with the TMD of the v-SNARE [15].
The duration of the PSF in cracked PC12 exocytosis was reduced by ~30% upon the
introduction of a longer linker between the two calcium binding domains of synaptotagmin.
The introduction of the extended linker disrupted the interaction between the t-SNARE and
synaptotagmin [43]. In bovine chromaffin cells, deletion of C-terminal residues of SNAP25

results in a 3-fold increase in PSF duration and a ~50% decrease in PSF amplitude [121].

The fusion pore is also affected by the phospholipid composition of the fusing membranes.
Cholesterol, a major constituent of eukaryotic plasma membranes (40% [122]), synaptic
vesicles (~40% [12]), and secretory granules (25% [123]), is also a key modulator of fusion
pore dynamics and rates of fusion. Pharmacological reduction of cholesterol lowered rates
of exocytosis in hippocampal neurons [124], but shortened the duration of the pre-spike
foot (PSF) in chromaffin cells, suggesting a faster transition to a fully developed pore
[125]. The presence of oleic acid, with an inverted cone geometry similar to that of
cholesterol, reduced the PSF duration in PC12 and chromaffin cells [126]. Introduction of
~40% cholesterol to liposome membranes increased the initial rates of fusion in a bulk
liposome assay [127]. In cell-cell fusion mediated by the influenza fusion protein

hemagglutinin, cholesterol accelerated and increased the incidence of fusion [128].
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A bulk study of nanodiscs fusing with large unilamellar vesicles made an attempt to
elucidate the role that SNAREs play in the formation and expansion of the fusion pore.
Nanodiscs (ND) are circular lipoprotein discs of ~17 nm in diameter held together with the
membrane scaffold protein apolipoprotein Al [129-131]. By observing both lipid and
contents mixing between the ND and the LUVs, it was suggested that 1 SNAREpin was
sufficient to open the fusion pore, but 3 were necessary to open the pore sufficiently for
contents release [85]. This is the most advanced study of the fusion pore in vitro that has
been published, and it was not able to obtain information about individual fusion pores.
Despite these advances, reconstituted studies have not been able to probe the dynamics of
the fusion pore itself, and the role of SNARESs and the fusion machinery in regulating those

dynamics.

Although there is much information about the effect of fusion machinery and lipid
composition on fusion pore dynamics, not much is known about the mechanisms which
control fusion pore dynamics. For example, questions remain about how the lipid
composition might affect the duration and amplitude of the PSF. The main reason this has
not been elucidated is that there has not been a biochemically defined assay with single
fusion pore resolution. In vitro assays were important for the elucidation of the role of
SNAREs in exocytosis and the formation of the fusion pore, but these assays have not been
able to interrogate individual fusion pores [13, 47, 77-85]. Typically, the time resolution
of fluorescence measurements of fusion are limited by the time it takes for lipids to diffuse
a significant distance from the fusion site, which is too slow to interrogate the fusion pore
dynamics [77]. Thus, the development of a biochemically defined assay that can observe

individual fusion pores [77, 132], which is used in Chapter 2 of this thesis, was critical.
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While reconstituted SNARE fusion assays have been extremely useful for studying fusion,
there is a very long history of studying protein free membrane fusion. These studies
typically use Ca?* or another divalent cation as the fusogen. There is significant evidence
from these studies that protein-free fusion passes through the hemifused intermediate,
where only the outer leaflets have fused, while the inner leaflets form a new bilayer known
as the hemifusion diaphragm (HD). Based on this work, a pathway to fusion was proposed:
1) adhesion, ii) stalk formation, iii) expansion of the stalk to a growing HD, iv) fusion by
rupture of the growing HD [105, 133-140]. Hemifusion may be a dead end state [141, 142].
A major mechanism for controlling the fusion pathway is the lipid composition of the
fusing membranes, where positive curvature lipids promote rupture of the HD [105, 138,
139] and negative curvature lipids protect the HD from rupture and promote dead-end
hemifusion [141, 143]. Flickering pores have been observed in the expanding HD [105],
although these pores have a different structure from the fusion pore. These are simple
pores, a lipid lined pore within one bilayer, rather than a pore which connects two

discontinuous bilayers [105, 142, 144].

There is also significant evidence that hemifusion is an important fusion intermediate in
intracellular fusion. Long-lived hemifused intermediates were detected on the fusion
pathway in pneumatocytes and during yeast vacuole fusion [145, 146]. Electron
microscopy revealed extended HDs between synaptic vesicles and the plasma membrane
(~5 nm in diameter), between vesicles and the endothelium in rat blood capillaries (~30
nm), between vesicles and the plasma membrane of zoospores (~50 nm) and between
cortical granules and sea urchin egg plasma membranes (~0.5 um) [147-150]. However,

there was no evidence for hemifusion as an observable intermediate in this work.
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The approach for the work | describe in this thesis was to analyze the effects of SNAREs
and the membranes, isolated from the complexities of the cell. To do this, we utilized a
novel biochemically defined fluorescent assay developed by our collaborators [77, 132].
This assay uses TIRF to observe fusion of SUVs with a supported bilayer (SBL). Using a
combination of mathematical modelling and quantitative image analysis we observed the
flickering fusion pore in vitro for the first time. Because the system was well defined, we
were able to isolate the effects of SNARESs and the biophysical properties of the membranes
on fusion and the fusion pore separately. We developed a mathematical model of lipid
release through the flickering fusion pore. We examined how the composition of the
membranes effects the fusion rate and the fusion pore dynamics. We did not find any
evidence of the hemifused intermediate in this assay. In additional work, we quantified
how SNAREs and membranes interact with each other prior to formation of the fusion pore
and in collaborative work this was one of the key components of a model developed by my
colleagues to predict the waiting time for fusion and the effects of SNARE density at the

fusion site.

In the first part of the thesis we used a novel single-event fusion assay to measure fusion
pore flickering during reconstituted SNARE-mediated fusion of SUVs to a SBL using total
internal reflection fluorescence (TIRF) microscopy. Here we utilized the unique properties
of TIRF, which gives a signal increase as soon as a fluorescent lipid diffuses from the
vesicle to the SBL and increases the time resolution to the acquisition time, rather than the
diffusion time of lipids away from the diffusion site. We thus developed a mathematical
model of lipid diffusion through a fusion pore. We found that the dynamics of the fusion

pore are typically controlled by biophysical properties of the membranes, and that SNARES
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do not typically affect pore dynamics. We found that physiological levels (~45%) of
cholesterol promotes the open state of the fusion pore and shortens docking-to-fusion delay
time. These results suggest that high levels of cholesterol may drive t-SNARE complex
clustering in the plasma membrane. In the second part of the thesis, we found that the
predominant driving forces for membrane fusion, once the SNAREpins have completely
zippered, are steric-hydration forces among the SNAREpins and membranes. These forces
enlarge a SNAREpin cluster, which in turns pulls the membranes together due to curvature

effects.

In the first part of the thesis, the experimental setup was developed by, and the experiments
were performed by our collaborators in the Karatekin Lab at Yale University. Preliminary
data analysis (calculating bleaching times, diffusion constants, etc.) was performed by
myself. Development of the model of lipid release was done by Prof. O’Shaughnessy and
myself. Fitting of all data to the model, analysis of the fits, and the remaining calculations
was performed by myself. In the second part of the thesis, the model of the vesicle-vesicle,
SNAREpin-SNAREpin, and SNAREpin-vesicle interactions was done by me. The initial
development of the Monte Carlo simulation was done by Dr. Jason Warner, and

Hakhamanesh Mostafavi and | further developed this simulation.
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Chapter 2- Cholesterol Increases the Openness of

SNARE-Mediated Flickering Fusion Pores
I-Background

A critical step in processes such as neurotransmitter or hormone release via exocytosis,
intracellular trafficking, and enveloped virus infection is the creation of a fusion pore that
connects membrane-enclosed compartments and allows contents to be released[94]. Most
intracellular membrane fusion events, as well as exocytosis, are driven by soluble N-
ethylmaleimide-sensitive factor attachment protein receptor (SNARE) proteins when
vesicle-associated v-SNAREs form complexes with target membrane-associated t-
SNAREs [27]. Exocytotic fusion pores are highly dynamic, and may flicker repeatedly
between the open and closed states before either permanently closing or dilating [43, 96-

98, 101, 102, 106-108] (Fig. 1.1).

Flickering dynamics of fusion pores are most directly measured using electrophysiological
approaches. In amperometric traces of contents release, pore flickering causes fluctuations
in the low amplitude PSF and in “stand alone feet” that signal transient events involving
partial contents release without full pore enlargement [43, 96, 97, 106, 108]. Flickering is
also manifested by fluctuations in pore conductance[97, 101] and in membrane
capacitance[107, 111]. From such studies, fusion pores that flicker typically flicker ~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[97, 106, 108]. A pore height ~15 nm similar to that of a
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gap-junction is commonly assumed, in which case measured conductances imply pore radii

~0.5-5nm [101, 107, 110, 111].

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 ~10-20 Hz flickering between discrete open and closed states, with sharp
transitions between the two and an almost constant conductance in the open state from one
open event to another[110, 111]. In amperometric measurements of fusion pores in ~25 nm
synaptic vesicles during exocytosis in ventral midbrain neurons the initial peak value in
flickering sequences was consistent between events, suggesting a fixed fully open pore
state[106]. In larger ~100 nm large dense-core vesicles in chromaffin cells, prior to dilation
flickering pores in the fully open state had approximately constant conductance from
flicker to flicker, whereas pores in = 1 um sized large granules in beige mast cells show

much more variable conductance in time during flickering [97, 117, 151].

A quantitative characteristic of a 2-state flickering pore is its openness P,, the fraction of
the time the pore is in the open state. The analogous concept is used in the study of ion
channels [152]. The openness is closely related to the thermodynamic driving force for
fusion, AF,qre, the free energy difference between the open and closed states (Fig. 1.3).
Using Boltzmann’s distribution, P, = e ~Afpore/k8T /(1 4 g=AFpore/kBTY \where T is
temperature and kg is Boltzmann’s constant. AF,,.. Ppresumably sums downhill
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 [153]. In a

natural generalization to a flickering pore whose size fluctuates through a continuum of
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sizes, P, is the time-averaged conductance relative to the conductance when fully open.
Electrophysiological measurements suggest P, ~ 0.3 — 0.8, i.e. small free energy

differences AF,, of order KT [97, 102, 106, 108, 110, 111].

The mechanism that governs pore flickering is unknown, in part because methods to
measure individual pore dynamics in reconstituted, biochemically defined systems have
not been available. Here we developed such a method, using total internal reflection
fluorescence (TIRF) microscopy to measure flickering pores during reconstituted SNARE-
mediated fusion of small unilamellar vesicles (SUVs, comparable in size to synaptic
vesicles) with supported bilayers (SBLs). Due to the evanescent wave excitation with a
polarized laser beam [154], individual fusion events are signaled by a rapid increase in
intensity as fluorescently labelled lipids diffuse from the vesicle membrane into the SBL
membrane. Consistent with rapid (= 100 Hz) pore flickering, lipids were released from the
vesicle ~10-fold and in some cases up to a 100-fold more slowly compared to a
continuously open pore (Supplementary Figure S1). From the lipid release time we
calculated the the pore openness P, (Fig. 1.1) 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 facilitates pore opening by SNARE
proteins. Our results suggest this effect derives from cholesterol-mediated clustering of t-

SNARES at the fusion site.
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I1-Results
Single event TIRF based fusion assay

We used a recently established TIRF microscopy (TIRFM) based fusion assay [77, 132,
155] to monitor fusion of individual, neuronal v-SNARE-containing SUVs with neuronal
t-SNARE-reconstituted planar bilayers supported on a soft poly(ethylene glycol) (PEG)
cushion in microfluidic flow channels, with 0.6-1% of the vesicle lipids fluorescently

labeled (Fig. 2A).

Four membrane lipid compositions were tested (Tables S1 & S2): a model PC/PS
mixture[77, 85, 132], and three compositions that included PIP2 (in SBL membranes), PE
and varying amounts of cholesterol from 0% to 10%/45% and 45%/45% in the SUV/SBL
membranes (PC/PS/PE/PIP2, PC/PS/PE/PIP2/Ch, PC/PS/PE/PIP2/Ch+, see Tables S1 &
S2 and Methods). PE is found at levels up to 15% in synaptic vesicles, secretory granules,
and plasma membranes[12], has negative spontaneous curvature and promotes fusion in
model systems[156], but its physiological role is unclear. The signaling lipid PIP2 is
present in small amounts in the inner leaflet of the plasma membrane (1-2%)[157] and
interactions with the t-SNARE syntaxin concentrate PIP2 at docking and fusion sites[158].
Cholesterol has a facilitating role in biological and model fusion reactions that is well-

documented[124, 127, 128], including its modulation of the fusion pore[125].
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Using TIRFM to measure fusion pore flickering dynamics. (A) Vesicles reconstituted with v-
SNAREs (synaptobrevin/VVAMP2) fuse with a target supported bilayer (SBL) reconstituted with
cognate t-SNARESs (syntaxin and SNAP25). Membranes are PEGylated to prevent non-specific
interactions and 0.6-1% of lipids are fluorescently labelled. (B) TIRF sequence during a typical
fusion event, viewed from beneath coverslip in (A). When the vesicle docks onto the SBL a spot
appears, (i). A time Tge1ay later fusion occurs, (ii), and the spot brightens as labeled lipids diffuse
into the SBL, (ii)->(iii). Individual lipids are discernible by stage (iv). Box size 22 x 22 pum, 82 x
82 pixels. Bar, 5 um. (C) Typical time course of total fluorescence intensity I, integrated over the
box in (B), from which we extracted the lipid release time T ejease- FOllOWiINg lipid release into the
SBL, I, Would increase to the value Isg;, were it not for bleaching, iii=2iv (Iyax < IsgL)-

We recorded movies of docking and fusion events. For each fusion event we measured the
total intensity versus time I, (t), summed over all pixels in a box drawn around the fusing

vesicle, Figure 2.2B, C. Following docking of a vesicle to the SBL when the intensity
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increases to a value Ik, after a delay time t4ejay fusion is announced by a rapidly
increasing intensity[81] as labeled lipids, initially in the vesicle membrane, begin to be
released into the SBL through the bilayer walls of the fusion pore (Fig. 1.1). The intensity
of labelled lipids in the vesicle is reduced by a certain average factor Aprr because the
evanescent excitation field, with a decay length ~68 nm (Online Methods), decays with
distance from the SBL and its polarization is a worse match for the dipole orientations of
the fluorescent lipid labels when they reside in the spherical vesicle[154]. The delay time
distributions revealed a fast-fusing SNARE-mediated population and a slowly fusing non-

specific population[77] (Supplementary Fig. S2E & F, Appendix).

Retarded lipid release suggests that fusion pores flicker

We used the fluorescence increase that accompanies diffusion of a labelled 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, Arrp. 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 (~100 Hz). Individual lipid labels became discernible as they
diffused away from the fusion site, eventually disappearing in single bleaching steps[155].
The release of lipids into the SBL occurred over a timescale T ejease, When the intensity

increased toward a plateau but then decreased due to bleaching (Fig. 2.1C).

Lipid release times were far greater (~ 30 — 250 ms, Supplementary Fig. S1) than

expected for a permanently open pore (~ 10 ms, the lipid diffusion time on the scale of a
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typical vesicle[159]). This suggested that fusion pores were flickering and spending only a
fraction of the time in the open state, i.e. the pore openness P, was significantly less than

unity.

Fusion pore openness P, is quantitatively related to the lipid release time

Trelease

Next we established a relationship that enabled us to deduce the pore openness P, from the
time for lipids to be released from the vesicle into the SBL, 7, ¢jease, that we measured for
each fusion event from the TIRFM intensity curve (Fig. 2C). A mathematical model of

lipid release through a flickering pore showed that

AVGS b
P, = 2.1

27'”'p Dlip Trelease

(see Appendix). For a 2-state (open/closed) pore P, is the fraction of the time in the open
state, but eq. 2.1 is equally valid for a flickering pore with a size varying continuously in
time, when P, is the time-averaged pore radius relative to the fully open radius. In eq. 2.1
Ayes Is the vesicle area and Dy, the lipid diffusivity which we measured directly (see
below). We took a pore height b = 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 [101, 106,
107, 110, 111]. This implies a value r, = 3 nm as the fully open pore radius in eq. 2.1 is

the effective value seen by a diffusing lipid and so includes half the bilayer thickness, taken
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to be 2nm (Supplementary Fig. S1A). Eq. 2.1 states that a flickering pore more often in the

closed state (lower P,) releases lipids more slowly (larger T ejease)-

For a given fusion event the vesicle area, Ayes, iN €q. 2.1 is unknown as sizes varied
significantly. The docked vesicle intensity Iy,.x (Fig. 2C) is the best measure of vesicle
size, being the earliest and least affected by bleaching. The difficulty is that the relation
between A, and I,k 1S Not a priori known, since the intensity of fluorescently labeled
lipids in the vesicle is unknown. However, we directly measured I;,, 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 reduction factor Atgg, Namely the ratio of

total intensities before and after lipid release. The area is then
Ayes = ldock /(A1irF Ilip 2plip)- 2.2

Here p;p, Is the areal density of fluorophores in each leaflet of the vesicle membrane and
Arirr Liip s the single labeled lipid intensity for a lipid in the vesicle, averaged over all
locations in the vesicle membranes, including the reduction factor Aprp relative to the
value I;;;, in the SBL. The reduction factor depends on vesicle size in a complex fashion

(see below).

In practice, direct extraction of T ¢jease aNd Aprp from the measured fluorescence signal
Iio:(t) is difficult due to bleaching of labelled lipids in the SBL, with bleaching time
Tpleach ~ 3.5 S (Fig. 2C and Supplementary Fig. S2C). Thus, we used the expression

predicted by our model for the TIRFM signal, given by
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Itot(t) _ e_t/Trelease + (e_t/Tbleach — e_t/Trelease) 2.3

Ifus ATIRF (1 - Trelease/Tbleach )

(see Appendix). We neglect the slower bleaching in the vesicle (Tpjeach ~ 185,
Supplementary Fig. S2D) and quenching effects as our labeling densities are below the
self-quenching threshold (Appendix). Our procedure was to fit the predicted expression,
eq. 2.3, to the experimentally measured signal and determine the two crucial parameters

Trelease aNd Apirp @s best fit parameters.

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, ¢.s = e~/ Trelease (Supplementary 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
qualitatively different inverse time dependence and the TIRFM intensity time course is

different:

Lot () _
Ifus

1- ¢ves(t)

ATIRF

e ~t/bleach ld)ves(t) + < >l » Pyes (t) = Tyes/t- 24

SNARE-mediated fusion pores flicker or are permanently open

We used the following procedure, which yielded the pore openness, the vesicle radius Ry
and the intensity reduction factor Aprg for each fusion event. We first measured the

bleaching time tyjeach, the diffusivity, Dy, and the intensity, I, of single fluorescently
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labeled lipids in the SBL (Methods and Supplementary Fig. S2). (1) For each detected
fusion event we extracted the docked fusion intensity /4, and the intensity at the instant
of fusion I, from the measured fluorescence intensity curve I, (t) (Fig. 2.1C). (2) We fit
the predicted TIRF intensity curve I,.(t), €g. 2.3, to the experimental curve using the
fluorescence reduction factor Arrp and lipid release time T qjease S fitting parameters. (3)
We used eq. 2.2 to obtain the vesicle area and radius, and then eq. 2.1 to obtain the pore

openness.

Applying this procedure to the fast SNARE-mediated fusion events we found that pores
flickered with pore openness 0.01 < P, < 0.9, suggesting free energies of pore formation
—2 KT s AE,ore < 5 KT (Supplementary Fig. S1B). While most pores flickered, in many
cases the analysis returned a nominal P, value exceeding unity, indicating a fully open
pore, P, = 1. To reinforce this conclusion we tested these pores for inverse time release
kinetics, ¢yes ~ 1/t, the signature of a permanently open pore, eq. 2.4. Larger vesicles
were used for this test, R,.s = 25 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 (—0.99 + 0.22), compared to a best fit exponent of -0.68 + 0.09 for flickering

pores with P, < 0.15 (Supplementary Fig. S3B).

To test our assumption that slow lipid release reflects flickering pores (eq. 2.3) rather than
restricted lipid diffusion due to high curvature or protein crowding effects at the pore[160]
we repeated experiments using a different label. We found statistically insignificant
differences in pore openness values (Appendix and Fig. S6), suggesting that lipid diffusion

through the pore was normal.
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We note that a “permanently” open pore is one that remained open long enough to release
all labelled lipids, approximately the lipid diffusion time for the vesicle size, Tyes
(multiplied by a logarithmic factor of order unity involving the pore diameter[159]). Thus,
such a pore could in fact be slowly flickering, with a frequency < 100 Hz if we take a
typical 7,5 ~ 10 ms. However, since neurotransmitter bulk diffusivities are ~ 500-fold
greater[106] than the lipid diffusivities we measured (Supplementary Table S3), such a
pore would be permanently open during the entire episode of contents release, which would
occur within one flicker. Further, we found no vesicle size dependence in the fusion
statistics (Appendix and Fig. S4) suggesting that such pores flickered at frequencies less

than 20 Hz, the limit imposed by the largest vesicles (Ryes~ 80 nm).

Cholesterol promotes the open state of the fusion pore

When pore statistics were classified according to the composition of the fusing membranes,
a strong correlation of flickering pore openness with the presence of cholesterol emerged,
Fig. 2.2B-D. For biologically motivated but cholesterol-free compositions, the mean
flickering pore openness was P, = 0.04 while only ~2% were permanently open. With
45% (10%) cholesterol in the SUV (SBL) membranes, the mean P, doubled but the
permanently open fraction was unchanged. For physiological conditions with all
membranes containing 45% cholesterol the effect was dramatic: relative to cholesterol-free
membranes, the flickering pore openness and the permanently open fraction increased ~10-

fold and ~20-fold, respectively.
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Openness statistics of SNARE-mediated flickering fusion pores. (A) TIRF intensity versus time
following fusion for two typical SNARE-mediated fusion events. Red (PC/PS): the time course is
well fit by eq. 2.3 for a flickering pore, with openness P, = 0.09 (short-dashed curve). Blue
(PC/PS/PE/PIP2/Ch+, 45% cholesterol): the fit from eq. 2.3 is poor, with nominal P, = 3.48 (long-
dashed curve), flagging a permanently open pore, eq. 2.4. (B) SNARE-mediated fusion pores
flicker and are dramatically opened by increasing cholesterol content. (left panel) Flickering pore
openness P, and the fraction of pores that are permanently open (P, = 1 column) for each of the
four lipid compositions studied (Tables S1 & S2). Bin size 0.05. (right panel) Blowup of P, < 0.4
data (bin size 0.01). (C,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 are standard errors of the mean. Asterisk denotes p<0.05, student’s t-test.
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SNARE proteins have little effect on the fusion pore unless physiological

levels of cholesterol are present

To distinguish the respective roles of SNAREs and lipid bilayers in fusion pore dynamics
we repeated the above analysis for the slow non-specific fusion events, for which we
assumed the fusion pore dynamics are not SNARE-mediated [77]. Without cholesterol, and
with 45% (10%) cholesterol in the SUV (SBL) membranes, these events showed pore
openness and permanently open pore fractions statistically indistinguishable from SNARE-
mediated events, other than a small increase in P, with no cholesterol (n=353 SNARE-
mediated events, m=68 non-specific events, Fig 2.3C, 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 protein free SBLs and v-SNARE
containing SUVs (Appendix, Fig. S2F). For the same compositions the delay times and
openness were statistically indistinguishable from those for the slow component in the
presence of v- and t-SNAREs. This supports the hypothesis that pore dynamics for the slow

component reflect the physical 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. 2.2D). Thus, at high concentrations cholesterol opens pores both
indirectly, by activating SNARE-mediated pore opening, and directly through its influence

on the lipid membranes.
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With physiological amounts of cholesterol fusion is so accelerated that
there is insufficient time to recruit additional t-SNAREsS 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 ref. [77] that assumes
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 3-6 t-
SNAREs to have been recruited, consistent with literature values for the number of

SNAREs required for fusion [77, 85], see Fig. 2.3A and Appendix.

By contrast at physiological cholesterol levels (45% in all membranes) the delay times
were ~3-fold smaller, too short for even one additional t-SNARE to have been diffusively
recruited if one assumes a uniform spatial distribution of t-SNARESs. This was unexpected,
since lipid diffusivity was reduced ~4-fold at these cholesterol levels (Supplementary Table
S3) suggesting delay times would be greater. Thus, t-SNAREs were presumably already
clustered at docking sites in sufficient numbers to trigger fusion, consistent with

cholesterol-mediated t-SNARE clustering observed in cells [161-163].

Consistent with these results, the probability that a docked vesicle underwent SNARE-
mediated fusion during the observation time increased ~3-fold at the highest cholesterol

levels (Fig. 2.3B).
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Physiological amounts of cholesterol accelerate fusion by clustering t-SNAREs. (A) Delay times
to SNARE-mediated fusion following vesicle docking versus membrane lipid composition (solid
colors), and calculated number of t-SNAREs assumed recruited by diffusion to the fusion site
during the delay time (striped). Lower amounts of cholesterol (yellow, green) 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/Ch+) fusion is so accelerated that there
is insufficient time to recruit any additional t-SNAREs after docking, suggesting t-SNAREs are
pre-clustered. (B) Physiological cholesterol levels increase the probability ~3-fold that a docked
vesicle undergoes SNARE-mediated fusion (as opposed to non-specific fusion or no fusion) before
complete bleaching (~20s).
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Fluorescence reduction factor and vesicle size are unique functions of the

docked vesicle intensity

Our procedure entailed measuring the docked vesicle intensity 14,k for each fusion event
and extracting the intensity reduction factor Argg by fitting our model to the fluorescence
profile (Figs. 2.2C, 2.3A). An important self-consistency check is that Atgg IS a unique
function of 4.k, Since the value of 14, fixes the vesicle size and hence the value of Atrg
(Fig. 5A). When we pooled the values for several compositions and included non-specific
fusion events, the Atrr VS. I40ck data collapsed around a definite curve (Fig. 2.4B). The
R,es VS. 140k data collapsed similarly (Fig. 2.4C). Thus, our method satisfies this self-

consistency check.
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In TIRFM the vesicle size and fluorescence reduction factor are unique functions of the docked
vesicle intensity. (A) The fluorescence intensity of a labeled lipid distant z from the SBL in a vesicle
of radius Ryes (Yellow curve) is the product of the decaying incident evanescent wave intensity
(blue curve) and a polarization factor due to lipid orientation. The net fluorescence reduction factor
for the vesicle, Atgg, is the average of the yellow curve weighted by the number of lipids at each
height. (B,C) Atirr and Ry are uniquely determined by the docked vesicle intensity (139 fusion
events, see Appendix). (B) Values of Aqjrp Versus docked vesicle intensity I4,cx from this study
follow a best fit exponential 0. 64 exp(— Igock/350 Iyip) (P<0.05) (red curve). Binsize 10.7. (C)
Values of Ryes Versus Igocx are well described by the best fit power law Ry =

2.6 (Idock/llip )Omnm (p<0.05). Bin size 10.7. (D) Values of Atigg Versus Ryes from this study.
The tangent at the origin (red dashed line) is a linear fit to Ryes < 35 nm points, constraining the
intercept on the R,s axis to be the TIRF decay length, dpjrr = 68 nm (Appendix, eq. S18)
(p<0.05). This yielded A%gr =0.81 for the limiting value of Arge for small vesicles, a pure
polarization effect. Bin size 3.6 nm. For (B)-(D) mean values (blue symbols) +SD are shown.
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I11-Discussion

Single exocytotic fusion pores were first detected almost 30 years ago [116], shortly
followed by observations of rapid flickering between the open and closed states [116, 117].
Neuroendocrine cells regulate hormone release by adapting the incidence and flickering
dynamics of fusion pores to physiologic inputs [113]. Pores also flicker during synaptic
vesicle release but the relevance is less established, in part because just a few rapid flickers
would empty the vesicle of contents. “Whispering” synapses at which downstream
receptors are not activated may be associated with slow release through flickering fusion
pores [120], and neurotransmitter release through transient pores may facilitate rapid

recycling of synaptic vesicles [106].

The underlying molecular mechanisms of fusion pore flickering remain poorly understood.
Here we used TIRFM to study the dynamics of SNARE-mediated fusion pores in vitro for

the first time.
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 [154]. Ideally, one would like to use the method to directly infer the
size or location of illuminated objects from the fluorescence 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 substrate, and from the varied orientations
of labelled lipids at different locations in the vesicle whose fluorophores thus interact

differently with the polarized illuminating field (Fig. 2.4A).
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Here, by tracking individual fusion events we measured this characteristic relationship,
which for a given TIRFM setup quantifies the relative contributions of evanescent wave
decay and polarization effects to the normalized fluorescence intensity Arrr as a function
of vesicle radius, Fig. 2.4D. It can be shown that the slope at the origin is —A%rr/S1irE
where A%,gr is the value at zero radius and &prp the decay length of the evanescent
excitation field, 68 nm here (see Appendix). The best fit tangent at the origin yielded
v = 0.81 + 0.03, a pure polarization contribution since evanescent field decay effects
are absent as vesicle size tends to zero. A3zr being less than unity shows that the
evanescent field polarization is a worse match for labelled lipids in the vesicle, averaged

over all lipid orientations in the spherical vesicle, than for lipids in the SBL.

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 (Supplementary Fig.
S1C). We conclude that pores flickered at rates = 100 Hz, the resolution limit of our
measurements set by the time for a lipid to diffuse a distance of order the vesicle size,
Tyes~ 10 ms. The small release rates could not be explained by permanently open but
narrow pores, as this would require invoking pore radii 7, for lipid release less than the
minimum value ~2nm, the lipid monolayer thickness (see Supplementary Fig. S1A and eq.
2.1 and following). Thus, SNARE-mediated pores flicker rapidly in the absence of other

fusion machinery components.
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Lipid membranes alone sustain flickering pores

We analyzed the population of slow non-specific fusion events[77] 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 similar statistics to those of SNARE-mediated pores: the flickering pore
openness, the fraction that were fully open and the cholesterol dependence were similar
(Fig. 2.2C, D). This is consistent with previous observations of flickering pores in protein-
free systems[105]. This also provides further evidence that lipid diffusion is not severely
restricted at the fusion pore by SNARE transmembrane domains. 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, independently of

SNAREsS or other fusion machinery.

Cholesterol opens fusion pores by lowering the pore bending energy

Increasing amounts of cholesterol dramatically opened fusion pores (Fig. 2.2B-D). At
physiological cholesterol levels flickering pores had a mean openness P, ~ 0.4, similar to
values P, ~ 0.3 —0.8 we estimate for exocytotic pores from electrophysiological
measurements [97,102, 106, 108]. In addition, ~ 40% of pores were permanently open,

suggesting this may be true of exocytotic pores.

It follows that cholesterol lowers the free energy of pore formation, AF,q., closely related
to P,. This trend was consistent for SNARE-mediated and SNARE-independent pores,

suggesting the origin lies in membrane energetics. Thus, adapting the model of ref. [153],

we calculated the change in the fusion pore bending energy due to cholesterol, whose
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negative spontaneous curvature favors the net negative curvature of the fusion pore.
Cholesterol lowered AF,,., with a reduction of ~ 80 ksT at physiological levels,

Supplementary Figure S5, signifying essentially open pores, P, = 1. These results can
qualitatively explain the experimental trend; however, we observed that a significant
fraction of pores remained 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 SNAREsS play little role in pore flickering when cholesterol is absent or at
intermediate concentrations (Fig. 2.2C, 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.3D).
Moreover, at these cholesterol levels fusion occurred so rapidly after docking that there
was insufficient time to recruit additional t-SNAREs, suggesting that t-SNARES were pre-
clustered at the docking site (Fig. 2.3A), consistent with previously reported cholesterol-

mediated t-SNARE clustering [161-163].
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Figure 2.5-

Model of promotion of SNARE-mediated fusion by cholesterol. Cholesterol (gray triangles)
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 initiated, the
openness of the flickering pore is increased by cholesterol: (i) directly, by lowering the bending
energy of the pore (Fig. S5) whose negative curvature is compatible with cholesterol’s large,
negative spontaneous curvature ~ — 0.4 nm~1! [164] (blow up, right); (ii) indirectly, by increasing
the number of SNAREpins at the fusion pore. Increased openness stabilizes the pore and may
increase contents release rates and accelerate pore dilation (Fig. 1.1).

A growing body of evidence suggests that cholesterol opens pores and augments fusion
rates [124, 127, 128]. Our results 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. 2.5). We propose
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 [85]. By increasing openness these
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effects stabilize fusion pores, increase rates of content release and may accelerate pore

dilation.
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Methods

Recombinant protein expression and purification. Recombinant VAMP2, Syntaxin-1,
and SNAP25 were expressed, purified, and reconstituted into small unilamellar vesicles
(SUVs) as described in detail previously [77, 132]. The membrane compositions tested in
this study are shown in Tables S1, S2. 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC), 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dioleoyl-sn-glycero-3-
phospho-(1'-myo-inositol-4',5'-bisphosphate)  (P1(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-benzoxadiazol-4-yl) (NBD-PE), 1,2-
dioleoyl-sn-glycero-3-phosphoethanolamine-N-  [methoxy(polyethylene glycol)-2000]
(PEG2K-PE), and cholesterol were purchased from Avanti Polar Lipids, Inc. P1(4,5)P2,
only found in plasma membranes [157], and NBD-PE, used to check SBL fluidity using
fluorescence recovery after photobleaching [132], were included only in the t-SNARE

SBLs.

We used lipid-to-protein ratios (L:P) of 200 and 20,000 for the v-SUVs and t-SBLs,
respectively. Even for the smallest v-SUVSs (Ry.s = 10 — 20 nm), this provides enough
copy numbers (5-17) of externally facing v-SNARESs per SUV, because efficient fusion in
this assay requires = 5 SNARE complexes [77]. Thus, our results for the number of t-
SNAREs recruited for fusion (Fig. 4A) are not limited by the number of v-SNARES present

on vesicles.

Preparation of SUVs and SBLs. We used the method of refs. [77, 132], but with different

lipid compositions as in Tables S1 & S2.
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Microfluidic flow channels and microscopy. Fabrication of microfluidic flow channels,
formation and characterization of t-SNARE-reconstituted supported bilayers (SBLs) in the
channels, and detection of fusion events are described in detail in Karatekin & Rothman
[132]. In this assay, fusion of single v-SNARE reconstituted liposomes (v-SUVs) with t-
SNARE bearing SBLs is observed with frame rates of 32/s (full frame) to 60/s (from a
cropped region of interest). These correspond to frame durations of 31 and 17 ms,
respectively. Frame durations shorter than ~15 ms resulted in lower signal-to-noise ratios
that made tracking of single LR-PE fluorescently labeled lipids difficult. One pixel

corresponded to 267 nm in the sample plane.

To determine the areal lipid density in the membranes, pji, = 1/(fiip @iip) Where fj;, is the
fraction of lipids that are labeled, we assumed a lipid head group area a;;, = 0.8 nm? for
PC/PS/PE/PIP2 and PC/PS compositions and ay;, = 0.6 nm? for PC/PS/PE/PIP2/Ch+ and

PC/PS/PE/PIP2/Ch compositions [165].

Some of the data was obtained using an inverted microscope (Olympus 1X81) equipped
with an EM-CCD camera (iXon Ultra, Andor) and the Olympus CellITIRF TIRFM
accessory. The microscope and data acquisition were controlled by Micro-Manager
(UCSF). A 100X / 1.49 NA oil TIRF objective (UAPO N, Olympus) was used. All
experiments were carried at 32 °C (Thermo Plate, TOKAI HIT). Images were collected
with a frame duration 17 ms (full frame). We used a 488 nm laser for FRAP measurements,

a 561 nm laser for detecting LR-PE or Dil during fusion.

To estimate the evanescent field penetration depth, we measured the angle of incidence 6

of the excitation beam with respect to the normal to the imaging plane, and used the
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expression 8y g = A,/4m (n2sin® 6 — nvz\,)_l/2 [154], where A, = 532 nm is the laser
wavelength, and n, = 1.52 and n,, = 1.33 are the refractive indices of glass and water,
respectively. For this, we coupled a 2 cm by 2 cm by 2cm BK7 glass cube (Thorlabs) to
the TIRF objective using oil that matched the refractive index of glass. At angle 6 used to
generate TIR in the fusion experiments, the beam went undeflected into the cube, 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 6 = 73.5 — 77.4° (81rr = 65 — 71 nm), with the highest intensity spot at 75°,
corresponding to 67,z = 68 nm. This value is used in section “The size of a docked vesicle

can be directly inferred from the docked vesicle intensity in TIRFM.” and Fig. 5D.

Single lipid-label measurements. We tracked single lipids using ImageJ and Speckle
Tracker], the tracking plugin described in ref. [155]. For details, see Appendix, Fig. S2A-

C

Analysis of single vesicle events. We identified fusing vesicles by eye and tracked them
using the ImageJ plugin Speckle TrackerJ [155]. We used fusing vesicle trajectories to train
Speckle Tracker] to track the remaining vesicles which dock. For each fusion event the
total intensity in a region of interest was computed with Matlab from the trajectories

obtained from SpeckleTracker].

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

with linear or nonlinear least squares optimization.
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Appendix- Chapter 2

Lipid compositions used in this study (details)

Symbo PC DOPS SAPE PIP2 Chol Label PEG- Label
| (%) (%) (%) (%) (%) (%) PE
ab. | 2253 1157 15.43 - 45.99 0.62 3.86 LR-
PE
23.75 12 15 - 45 0.8 3.45 LR-
Qchol PE
23.55 12 15 - 45 1 3.45 Dil
67.2 12 15 - - 0.8 5 LR-
PE
a 67 12 15 - - 1 5 Dil
59.2 15 20 - - 0.8 5 LR-
PE
B 79.2 15 - - - 0.8 5 LR-
PE
Table S1-

Lipid compositions for vesicle membranes. Symbols a1, @chor @ and B 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 B 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.
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Symbol | PC (%) | DOPS (%) | SAPE (%) | PIP2 (%) | Chol (%) | Label (%) | PEG-PE (%)
alb, | 1891 11.57 15.43 3.86 45.99 0.38 3.86
@ chol 54.9 12 15 3 10 0.5 4.6
64.5 12 15 3 - 0.5 5
o 54.5 15 20 5 - 0.5 5
B 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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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 Tge1ay (Fig. 2.1B, C). We measured 74e15, from the TIRF signal and for each
lipid composition we constructed the distribution of delay times, represented as the
survivor function S(rdelay), the probability fusion has not occurred after atime tgejay (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. [77]. Following ref. [77] 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 SNAREsS, consistent with ref. [77].

The survivor distributions were well fit by mixed exponentials of the form S(rdelay) =
a exp(—Tdelay/Tdelay) + (1 — @) exp(—Tqe1ay/Tns) 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, T4,y is the mean docking-to-fusion delay time for SNARE-mediated
fusion, and 7, is the mean delay time for non-specific fusion. Fits were obtained using a
maximum likelihood estimate using Matlab’s Statistics Toolbox. T, was in the range ~2 —
3 s for all compositions, ~10 times greater than typical mean delay times for specific

SNARE-mediated events.
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Single lipid properties needed for fusion event analysis. (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, Iy, in a
typical movie. (B) Mean square displacement versus time for seven lipid trajectories. (C) Digital
measurement of bleaching time y,04cn. 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/Tpjeacn (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~/ Thieach
where 1 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: 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 < Tpjeach S 5,
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the bleaching time in the SBL. (E) Docking-to-fusion delay time distributions: measured survivor
functions for all compositions. Mean delay times Tqe14y 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 7,¢ =

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
(p>0.05), part (E).

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 Tg.1,, l€ss (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 fusers. The cutoff times we find, ~70-600 ms (Fig.

S2E), are ~2-6-fold greater than 7.1,y and ~4-fold smaller than 7,,s.

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 T, to T,¢, the mean value of the delay

time for pf-SBL/v-SUV fusion events. For membranes with 45% (10%) cholesterol in the
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SUV (SBL) we found 7, ~ 2.9 s, statistically indistinguishable from 7, for the same
composition, Fig. 2.3A (p>0.05). Similarly, for the same composition the openness
P, ~ 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. 2.2C).

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, eg. 2.3, to the measured integrated
intensity time course I,,.(t) for each fusion event to determine the pore openness and
vesicle size (Fig. 2.2). In order to perform this fit, we required three single lipid properties:
the single fluorescent lipid intensity I;;, in the SBL, the fluorescent lipid bleaching time in
the SBL tpjeach, and the single lipid diffusivity Dy, (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 bleached in one step in this manner.
Fluorescent lipids were tracked using SpeckleTrackerJ [155], and further analysis was

performed using Matlab.
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Measurement of single fluorescent lipid intensity, I;,. 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 um?) 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 I;, 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,Dy;,. 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 (tfame =
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 Dy;p, t for each analyzed trajectory. We report a mean + SEM Dj;;, averaged from ~20
analyzed lipid trajectories for each lipid composition, Table S3. The MSD was calculated

in Matlab.
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Symbol | Dy, (um?/s) | Label
it 0.45 LR-PE
1.17 LR-PE
(14
1.43 Dil
1.49 LR-PE
a
chol 2.39 Dil
B 17 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).

Measurement of lipid bleaching time in the SBL, Tpjeach- We measured the lipid
bleaching time ty,04c, DY determining the total duration of single lipid trajectories and then
calculating the survivor function fq,o-(t) describing many such trajectories. We fit a
decaying exponential to the survivor function fuuor(t) = e t/leach (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 Tyay ., for ~ 30 vesicles that did not
fuse per movie. We measured 11, from the best fit exponential I (t) =
I, exp(—t/Tpieach) (Fig. S2D). Iy is 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
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fluorescence intensity versus time, I, (t), we neglected fluorescent bleaching of lipids in

the vesicle (egs. 3, 4).

Analysis of individual fusion events.

For each fusion event, we measured the total intensity versus time t, I,,:(t) (Fig. 2.1B 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
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model of release through a flickering pore, this enabled us to accurately measure SUV-to-
SBL lipid release times T ejease- A fitting procedure using the mathematical model was
needed because the lipid release kinetics are convoluted with bleaching kinetics (Fig.

2.1C).

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 Dip=1 um?2s~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 [77].

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 t,.s, 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 T,.s, the most we
can say is that the flickering frequency is higher than this lower limit. Given t,cs~ 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.
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Dependence of fusion statistics on vesicle size

Fusion pore statistics do not depend on vesicle size. Over the vesicle size range (10 <
Ryes S 80 nm) and lipid compositions studied, our data did not reveal correlations between
vesicle size and either docking-to-fusion delay times, pore openness P, or the fraction of

pores that were permanently open (Fig. S4A-C).
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Statistics of fusion reveal no dependence on vesicle size. (A) Docking-to-fusion delay
times versus vesicle size showed no correlations (c.or = —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 =
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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.

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 I(t) during a fusion event. Thus, to obtain the size distribution of such

vesicles, we measured the docked vesicle intensity I3, (Fig. 2.1C) and to deduce the

vesicle radius R,.s we used the best fit power law relation R, = 2.6(Idock/
Lip )0'61 obtained from the assembled data from this study (Fig. 2.4C).
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).
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(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 Dil. This was true for both lipid compositions PC/PS/PE/PIP2 and
PC/PS/PE/PIP2/Ch. These results suggest that LR-PE diffusion is not anomalously suppressed in
the fusion pore and that the P, values inferred from release kinetics of LR-PE through fusion pores
are valid. (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.

Calculation of relation between pore openness and lipid release time

In the main text (“Fusion pore openness P, is quantitatively related to lipid release time
Trelease 1N 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, egs. 1, 3, and 4. Here, we describe the derivation of these results, specifically
the results for P, as a function of vesicle area A, and lipid release time 7 ¢jcase (€9 2.1),
and the time dependent TIRF intensity emission I;..(t) for both a flickering pore and a

permanently open pore (egs. 3 and 4 of the main text).
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We will show below that ¢,,.¢(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, ¢,.s~ 1/t (eq. 2.3).

L 5§ (> '
?%4- &%—? %@» §§

%Wa : 3 E b
b m e {3 %
PYTTTPET e ererevy P AR %W
p(rt) -
P
B C
0.5 200
0.4
§03 =
i3] >
(@]
E 0.2 S/
0.1

0 0.2 0.4 0.6 0.8 1 0.2 0.4 06 08
Pore Openness, P_ Lipid Release Time, t_____ (s)

Figure S4-

(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 » = 0 in the SBL. The density of labelled lipids in the
vesicle is n(x, t) and in the SBL is p(r, t). Here, we model the pore as a cylinder of length b = 15
nm and radius r, = 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 current is proportional to the density difference
across the pore multiplied by the fraction of the time the pore is open, P, (egs. S1 and S2). (B)
Measured overall distribution of P, values, for all compositions. Mean openness for flickering pores
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is 0.1440.01 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.

The flickering pore is open for a fraction P, of the time and closed for a fraction 1 — P, 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, p(r, t) (Fig. S1A).

dn/ 0t = Dy;,V?n — Q()6(x),0p/ 0t = Dy V?p + Q(®)5(r), S

where Dijp is the lipid diffusivity. From these fields, we calculate the fraction of labelled
lipids remaining in the vesicle, ¢,.s(t). The driving force for lipid release from the vesicle
into the SBL is the density difference across the fusion pore, ny(t) — po(t). The lipid
release rate Q(t) is the product of this density difference and the pore transmission

coefficient kpore

Q(t) = kpore{n(0,8) = p(0,0)}, dpyes/dt = —Q(t)/noAves,  S2

where kpqr is the pore transmission coefficient and n,, the initial density of labeled lipids
in the vesicle of area A,.s. For simplicity, we take the pore as a cylinder of height b and
radius r,, commonly assumed in the interpretation of pore conductances [101, 107, 110,

111]. The release rate is then the flux through a cylindrical membrane tube of cross-

sectional length 277, i.e.

kpore = Py Dyjp2ry, /b. S3

Note that k. is reduced by the pore openness, F,, 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
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a pore whose size changes continuously up to some maximum size in the fully open state,

P, is the mean pore radius relative to the maximum value.

We consider two cases: an infrequently open flickering pore (eg. 2.1) and a permanently
open pore (eq. 2.3). We then calculate the total TIRF intensity as a function of time, I;,.(t),
for each case, allowing us to extract lipid release times T ¢jease, VESICle Sizes R, and pore

openness P, for individual fusion events.

The solutions to eq. S1 can be written:

n(x,t) = n, — [, dt'Q(t)G(0,x,t — t)

¢ S4
p(r,t) = [/ dt'Q(t)G(0,r,t—t')

where G4(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:

no(t) = ny — [, dt'g(t —t")
po(t) = f, dt'Q(t")S(t —t") S5
Q) = kpore (no(t) - Po(t))

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 n,, p, denote the
densities at x=0 and r=0, respectively. In general, k.. fluctuates with time. However,
since measured flickering timescales are far less than the lipid release time we assumed

that kp,,re Can be treated as a constant, the effective time-averaged value.

Laplace transforming t — E, the solution is:
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_ kporeNa
Q= E[1+kpore (9(E)+S(E))] ’
_ KporeNaS
Po = E[1+kpore(9(E)+S(E))] ’ S6
_ kporeS
0/ Ma = ik ore (g E+5)]

where Q(E), po(E),no(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) = 1/4mDj;p t, and a crude
approximation of its Laplace transform is S(E) ~ (1/an) In(1/Et,) where ty, = b? /Dy,

and b is a pore cut-off scale.

Lipid release through a flickering fusion pore. If ke < Dyjp, then S(E) < 1/kpore
forany E > t;*e/¢, where e = kpore/Diip- Thus for small enough €, for all relevant E' we
can delete the k. S terms in eg. S3. In addition, we can replace g(E) = 1/EAys With

its form for small E (E < 1/t,.s) reflecting the fact that on time scales greater than

a point source uniformly covers the vesicle. We justify this below. Thus, eq. S5 gives:

ng = ——=2—
E+Kpore/Aves

Do = KporeNaS S7
E+kpore/Aves

Q= kporenO

The solution is ny(t) = n, exp(—t/Trelease) WHEre Trejease = Aves/Kpore- Using the
expression for kpre in €g. S3, we arrive at the expression for pore openness F, in terms of

Trelease aNd Ay OF 4. 2.1 of the main text. Using the expression for Q in eq. S7 in eq. S2

gives
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Pyes = exp(_t/Trelease) S8

In this limit, n(x, t) = ny(t) is uniform because the release time greatly exceeds the vesicle
diffusion time (SINCe Ty ejease/Tves = 1/€ > 1). Further, the fraction released by time 7
is thus very small. Since g(t) assumes its long time form (1/Ayes) for times t > 7, 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 ¢ys.

TIRF intensity time course through a flickering fusion pore. In this subsection we
derive the expression of eq. 2.2 in the main text for the time-dependent total fluorescence
intensity of labelled lipids during a fusion event. The total intensity I, 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/Arrg. (i) 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 k..
limit that defines a flickering pore it is very unlikely to diffuse back into the vesicle. This
follows from the fact that n, < p, in this flickering pore limit, for which ko, S < 1 (see
eq. S7), so the current of lipids is almost completely unidirectional from SUV to SBL (see

eq. 2.2 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 NZ.s = n,Ayes. The number of lipids in the vesicle decays

as eq. S8, that is Ny (t) = N&.s exp(—t/Trelease)- The rate of fluorescent lipid addition to
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the SBL is the same magnitude as the rate of lipid release from the vesicle. Thus, the

number of fluorescent lipids in the SBL, Ngg;.(t), obeys

dNsp1, _ Nyes(t)  Nsp(0)
dt Trelease Tpleach ’

where we used the fact that for this flickering pore case spatial variations in density in the
vesicle can be ignored (n(x, t) = ng(t) = Nyes(t)/Ayes). The solution is

N“?es (e —t/Tbleach — e _t/Trelease)

NggL(t) = :
SBL (1 — Trelease/Tbleach) S9
Hence the total intensity is given by
Iior(t) = hipArireNves(£) + LipNspr, (t) S10

where Ngg., (t) is given by eq. S9 and Nyes(t) = N3 exp(—t/Trelease). AS the vesicle
intensity at the instant of fusion is Ir,s = LipArirrNyes, We obtain Iy, (t) in terms of
Treleaser ATIRF» aNd Tpleach OF €0. 2.2 in the main text by plugging eq. S9 and the expression

for N,.s(t) above into eq. S8.

The case of a permanently open pore. For a fully open pore, P, = 1, eq. S3 tells us that
kpore = Diip2mr,/b. Thus ko is of order Dy, (€ = 1), and kpore S(E) > 1 forall E >>

t;*, ie for all relevant E. Thus from eq. S6

Po = Ng = naAvesS(E) S11

Consider the behavior for E << 1/7es. On these time scales ES < 1/A,es and we have

Po(E) = no(E) = nadyesS(E), (E < 1/Tyes) S12
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Thus ny (t) decays as S(t) = 1/(4 mDyipt), and ¢yes(t) = no(t)/n, = AyesS(t) . Hence
we obtain eq. 2.4 of the main text ¢yes(t) = Tyes/t. The form of the net TIRF signal
Lo (t) is modified from eq. 2.3 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
I, (t) for permanently open pores is thus eq. 2.4 of the main text.
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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
Pyes (D) ~Tyes/t Tor a fully open fusion pore where 7, is the diffusion time on the scale of the
vesicle and depends on vesicle size (see main text). The pooled ¢ (t) data that we measured for
all fully open fusion pores (P, = 1, left panel) collapsed onto a single power law relation when
plotted against time scaled with 7. The best fit power law (blue line) was t =* witha = —0.99 +
0.22, very close to the model prediction. The same procedure applied to flickering pores with
relatively small openness (P, < 0.15, right panel) produced a best fit power law exponent a =
—0.68 £ 0.09.

10

VES)
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Calculation of the number of SNARE complexes at the fusion pore using

the t-SNARE recruitment model of ref. [77]

In the main text (“At high cholesterol levels fusion is so accelerated that there is insufficient
time to recruit t-SNARE:s to the fusion site,” Fig. 2.3A) 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. [77]. This procedure provides an
estimate of the number of SNAREpins involved in fusion for each membrane composition,

reported in Fig. 2.3A of the main text.

t-SNARE recruitment model. In ref. [77], we developed a t-SNARE recruitment model
to determine the number of t-SNARES, N*, recruited to the vesicle a time 7 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
I's and diffuse independently with diffusivity Dg; (2) when a t-SNARE diffuses into the
“reaction sink” 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 t is
4nTsD
N*(t) = —55Y 7. = b2 /D, S13

In(cq7/7H)

where the numerical constant c; = 1.247. Here we evaluate eq. S13 at the measured mean

delay time to fusion (7 = Tgelay)- Thus after accounting for the initial SNAREpin which
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docks the vesicle, the total number of SNAREpins p participating in the fusion process for

that vesicle is

4T sDS§Thera
= 7 SUSTely 4 9 S14

B ln(cl?delay/rb)

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/Dy;p,
remained constant across different compositions and equal to 0.10, the value of this ratio
that was used in ref. [77] based on the SNARE diffusivity measured by Wagner and Tamm
[166]. 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 um?/s. Assuming that the mobile,
active fraction of t-SNAREs in the SBL is 0.5 [77, 166], the density of mobile t-SNARES
isTs = 41.67/um? for our lipid to protein ratio (t-L:P=20,000). We take the sink size b=10

nm as in ref. [77].

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 7401,y Values.) These n values are

consistent with the range n ~ 3-10 reported in refs. [77, 85]. In clear contrast, the same
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procedure when applied to physiological compositions with 46% cholesterol in both the
SUV and SBL membranes 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 Aprp ON vesicle
radius R.s: coupled contributions from incident evanescent intensity

decay and polarization effects

In Fig. 2.4D of the main text we plotted values of Atigp Versus Ry 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. 2.4D.

Consider a vesicle of radius R,.s docked at the SBL as in Fig. 2.4A. The total TIRF
fluorescence emission intensity of the vesicle is a sum over all lipid orientations 6 in the

spherical vesicle membrane

Taock = €l cPriphiq fon dO27R2, sin O ap(0)e Rvesli+cosbl/étirr . g15

Here I3,

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

emissivity, d1igp is the TIRF decay length and ug < 1 is the fluorescence quenching factor
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due to a higher labeled lipid density in the vesicle. The mean polarization factor per lipid,
ap(6), 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 6
relative to the SBL normal. We define this factor relative to the situation when the lipid
resides in the SBL (6 = 0): hence ap(0) = 1. It arises because the evanescent TIRF wave
is polarized, and preferentially excites fluorescent labels whose excitation dipoles align
with its polarization[167]. ap 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, 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,
tq < 1. The polarization factor for the lipids is then unity. Thus, the total intensity of the

released lipids in the SBL is given by:

lgock = elﬁlcplip4‘7TR3es S16

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

ATIRF(RVeS) = Ildﬂ ] ”Z_Qfon de Sln 9 aP(e)e—Rves[l-i-COS 9]/6TIRF 817
SBL
We are interested in the form of Arrg as a function of Rys. 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
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way to establish this crucial function, Atirp(Ryes), IS to directly measure it as described in

the main text (Fig. 1.5D).

Determining the pure polarization effect. Now taking the derivative of Apjrp(Ryes) With
respect to R, and setting R,.s = 0, one obtains a sum of two terms, —Atirp(0)/S1irr +
(1/2) f; d6 sin 6 cos 6 ap(6). The second term vanishes, however, from the up-down

symmetry of the polarization factor, ap(0) = ap(m — 8). Thus

By (™)
, ATIRF(O) = (7(2) f do sin 0 ap (9) S18
0

aRVGS

(a/lTIRF> _ —A1irr(0)
Ryes=0 6TIRF

This shows that, at zero vesicle radius, Argrr and its slope are determined by a simple
moment of the polarization factor ap(6). To obtain Arrge(0), in principle one could
measure Aprp Versus vesicle radius (as described in this paper) and extrapolate to zero
radius. In the main text we outlined an alternative procedure to obtain Afjrp = Arrp(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 R,.s (we used data points with R,.s < 35 nm) we fit our
Atirr VErsus R,. data to a linear relation with the correct slope, as given by eq. S18
(dashed red line, Fig. 2.4D). Constraining this tangent to have intercept Ryes = dtirp = 68
nm, the experimentally measured evanescent field penetration depth (see Materials and

Methods), and extrapolating to zero vesicle size we could read off A7, = 0.81 + 0.03.
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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[153, 168]. 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.[153]. 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, AF,,r., which is closely related to pore openness P,

(see main text).
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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 r,. Each leaflet has thickness §. (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/IPE/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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Consider two planar bilayers, 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,
AF,,re? How s this free energy change affected by the addition of cholesterol? Here we
have extended the simple elastic theory based on the work of Chizmadahev et al.[153] by
taking each leaflet into account individually to provide quantitative answers. The overall

bending energy of one leaflet of the fusion pore is[169]:

K 1 1 2 , S19
Fleaﬂet = Z_[ dA <E + T_ - CO) - ZKCO f dA
p

where h and 7, are the asymptotic membrane separation and the minimal radius of the
fusion pore assumed toroidal in shape, « is the leaflet bending modulus of elasticity, and
C, i1s the mean spontaneous curvature of the leaflet. Integrating over the surface of the pore,

it can be shown that [153]

2
2(h + + 2h
Fleaflet = 2Tk &atan i + ZCo[n(rp + h) - 4h] - 4l

h /rp(rp + Zh) P J

Here we take k = 12 kT[164], we fix the membrane separation at 3.5 nm, and we calculate

S20

the spontaneous curvature C, by taking the weighted average of all C, values for the
individual lipid species in the bilayer. The centerlines of individual leaflets are separated
by a distance § = 2 nm, half the bilayer thickness. Thus, to analyze a bilayer fusion pore
of a given radius we need to sum the energies of two leaflets, each with a distinct value of

hand ,. Additionally, 7, and h are defined as separations between the outermost points on
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each head group. The calculation of bending energy for each leaflet was based on the
centerline of each leaflet, 1 nm from the outer edge of the head group. To calculate the

energy of pore formation relative to two flat bilayers we determined AFyore = Faior +

Finner  To determine membrane shape, 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.
S20, the different amounts of cholesterol had the effect of changing C, (we assumed
bending modulus x was unaffected). To calculate the spontaneous curvature C, 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 [164, 170]. 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 ~10 kT, while with
physiological cholesterol levels (46% in all membranes PC/PS/PE/PIP2/Ch+) the free

energy of pore formation was lowered by ~80 kT (Fig. S5B).
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Chapter 3- Study of the phospholipid membrane
interactions in the presence of SNAREDpins.

I-Background

Despite years of study of SNARE-mediated fusion both in live cells and in vitro, the
mechanisms by which SNAREs mediate fusion are unknown. Thus, we sought to
interrogate these mechanisms. At the synapse, fusion and neurotransmitter release occur
within a millisecond of the arrival of the action potential [4], but in vitro studies which only
involved reconstituted SNARESs have shown that the delay between docking and fusion
ranges from ~25 ms to several seconds [77-79, 81, 171]. This raises two questions. First,
can SNAREs truly drive fast fusion on their own, and second, if so, how are SNARES able

to mediate fusion.

Different models have been proposed to explain the mechanism of SNARE-mediated
fusion. It has been suggested that ~10-140 KT is required to merge two phospholipid
bilayers [140, 172-175]. The formation of a SNAREpin releases 56-70 kT upon zippering
[16]. Using this criteria, it would appear that ~2-3 SNAREpins would be sufficient to drive
fusion. This is consistent with bulk fusion assays that indicate that 1-3 SNAREs are
sufficient for fusion [85, 176]. However, bulk assays are unable to measure the kinetics of
individual fusion events, and biological fusion occurs on the millisecond timescale.
Additionally, single vesicle studies have suggested that ~5-11 SNAREpins are necessary
for fast fusion [77, 171, 177]. Additionally, it seems unlikely that several SNAREs could
simultaneously zipper and harness their combined energy. Thus, this type of energy

criterion is an extremely unlikely mechanistic candidate.
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Several models have suggested that either the linker domain or the TMD of the SNARES
plays a critical role in inducing SNARE-mediated fusion [178-180]. It has been proposed
that SNAREs form a continual helix, resulting in a stiff linker domain which transduces
the energy of SNARE zippering in the form of a force that could bend the bilayer and
perturb it [1, 181-183]. However, EPR has suggested that the linker domains may exhibit
flexibility [184], and when flexible residues are added to the linker domain either in vivo
or in vitro fusion efficiency is progressively reduced, rather than abolished [185-187].
When SNARE TMDs are replaced with lipid anchors in either yeast vacuole fusion [188]
or at the synapse [189] fusion was either rescued upon the addition of SNARE disassembly
machinery [188] or was not abolished [189], indicating that the TMD is not essential for

SNARE-mediated fusion.

Thus, it is necessary to develop a new mechanistic model of SNARE-mediated fusion
which might explain the disparate experimental results. We thus asked the following

questions:

e By what mechanism do SNAREs drive fusion?

e How many SNAREs are required for fusion, or is there a definite number?

To answer these questions I quantified the membrane-membrane, SNAREpin-SNAREpin,
and SNAREpin-membrane interactions in the simplest of fusion assays, the reconstituted
SNARE SUV-SBL fusion. This has frequently been studied on the single event basis using
either epifluorescence or total internal reflection fluorescence microscopy (TIRF) [13, 47,
78-82]. In collaborative work with Hakhamanesh Mostafavi, Dr. Jason Warner, and Prof.

Ben O’Shaughnessy, we developed a model of SNARE-mediated fusion using these
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interactions, the experimentally measured SNARE zipping energy, and other
experimentally measured properties of the SNARES to predict fusion rates using a Monte
Carlo simulation. We then compared the results of our combined model to those from

experiment to attempt to answer these critical questions.

1I-SNAREpin and Membrane Interactions

There is a long history of the study of membrane-membrane interactions [190]. Through
x-ray diffraction, surface force apparatus (SFA), AFM and other experimental methods,
the interactions between large, planar membranes have been well characterized. These
interactions include the steric-hydration force [191], the van der Waals force [192], the
electrostatic force [192], and undulation or Helfrich forces [169]. The Helfrich forces are
relevant when both of the interacting membranes are very large. Here we consider SUVSs,
which are ~50 nm in diameter, and thus we are able to ignore Helfrich forces in our
calculations. Both the electrostatic and van der Waals forces are long ranged and dominate
at separations between ~2-7 nm. Steric-hydration forces are very short ranged and

dominate at separations < 2 nm.

The steric-hydration force. When membranes are forced to very small separations, very
high strength repulsions are observed, regardless of the ionic strength of the membranes
which are interacting. These forces are well-described by an exponential fit to

experimentally measured separations h at known osmotic pressures [191]

PSH = Poe_h/ASH 31
where Agy is the steric-hydration decay length. Values of P, and Agy has been reported for

various membrane compositions with Agy in the range of 0.1-0.3 nm for all lipid species
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considered whereas the prefactor P, largely depends on the nature of the head group [193].
The total steric-hydration energy is the integral of the pressure Psy over the surface of the
vesicle multiplied by the interaction area on the vesicle. The resulting total steric-hydration

free energy Fsy energy is

Fsy = 2mPyRyesAdye ™/ Ast 3.2

where Rves is the vesicle radius.

The van der Waals forces. Another well-established force is the van der Waals force. This
arises from induced dipoles interacting in opposing surfaces. As the distance between the
induced dipoles becomes smaller, their orientation becomes more correlated, giving rise to
the attractive van der Waals force. For a spherical vesicle interacting with a planar

membrane the van der Waals interaction Fq4,, energy is given by

ARyes 3.3

Fogw = o

where A is the experimentally measured Hamaker constant [192].

The electrostatic forces. Electrostatic repulsive forces arise because each membrane
contains a small amount (~10-15 %) of negatively charged lipids. The salt content of the
water results in electrical screening. For a spherical vesicle interacting with a planar

membrane the electrostatic interaction free energy F. is given by:

Fog = RyesZmpe /4o 3.4
Where Ap is the Debye screening length, which depends on the salt concentration of the
solution (Ap = 0.3/[NaCl]*/? nm for monovalent cation salts), and Z,,,;, is the electrostatic
interaction constant which depends only on the properties of the surface, the charge density

or the surface potential. At 37°C and for monovalent salts such as NaCl, Z is given by:
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Z = (9.38 x 10711) tanh?(1),/107) J/m 35
where 1, is the surface potential in millivolts (mV) [192]. Surface potential is related to
the surface charge density, which can be determined from the concentration of charged

lipids in the membranes gy, by the Graham equation [192]:

g,, = 0.116 sinh(3,/53.4) [NaCl]®> C m~?2 3.6
Using this equation with eq. 3.5 gives the electrostatic interaction constant for membranes

Zmp = 2.1 KT/nm.

SNAREpin-SNAREpin interaction energy. Each SNAREpin was coarse-grained into 5
beads with 1 nm radius, 1n,eaq, and surface potential, y,, of 3 kT/e in the range of the
electrostatic potentials reported for a neuronal SNARE complex [194]. For two similarly
charged surfaces in solution electrostatic energy decays exponentially with their

separation, d [192]. The electrostatic energy of two beads is calculated by:

Tvead —d/A 3.7
Ebead—bead = 2 Zsnare € /2p

where A is the same as for the membrane-membrane electrostatic interactions in eq. 3.4,
and Zg,.re = 8.8 KT/nm is the interaction coefficient using the surface potential of the

SNAREpins ~3 kT/e [194].

Membrane-SNAREDpin interaction energy. The electrostatic interactions between

SNAREpins and membranes were calculated by

RyesThead 3.8
Fsnves = Zcombined (R ) e_d/AD, )
ves + Tbead

where Zeombined = (ZmbZsnare)/? is the geometric mean of the Z value of both the

membrane and the SNARE beads.
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Membrane compositions and parameter value estimation. We calculated the

composition weighted average of the prefactor P, and steric-hydration decay length based

on the experimentally measured values of pure substances [191]. The Hamaker constant

was also estimated based on the lipid composition to be 6 x 10721 J. The surface charge

density is given by the density of phosphatidylserine (PS) in the bilayers. We took the

physiological salt concentration 0.15 M NaCl, giving Ap = 0.7 nm. Membranes considered

in this study contained 35% phosphatidylcholine (PC), 25% phosphatidylethanolamine

(PE), 15% PS and 30% cholesterol mimicking a typical synaptic plasma membrane [195]

unless stated otherwise.
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Model of a cluster of SNAREpins connecting a vesicle to a planar membrane. a) Membranes
interact via steric-hydration, van der Waals and electrostatic forces. SNAREpins experience steric
and electrostatic interactions with the membranes (a) and one another (b). ¢) Energy landscape of
SNAREpin zippering from ref. [16], local minimum at SNAREpin full assembly. The contour
length of the SNAREpin between the C-termini of syntaxin and VAMP is the reaction coordinate.

Calculation of the pressure between membranes. A pressure is generated between two

interacting membranes which increases with decreasing separation. For curved membranes

the generated pressure is not uniform on the membranes and has a maximum at the point

of closest approach (Fig 1B). We calculated the pressure at the point of closest approach

50



76

on the target membrane (planar membrane or vesicle) interacting with the vesicle, By,.x, as
the sum of the three membrane-membrane interactions discussed: van der Waals (VDW),

electrostatic (ES), and steric-hydration (SH) forces

Pmax = Pypw + Pgs + Psy 3.9

Electrostatic and van der Waals pressures. The net VDW and electrostatic pressure at the
point of interest on the target membrane is obtained by pressure generated at that point per
unit area of the membrane integrated over the surface area of the vesicle. The pressure per
unit area of the vesicle resulting from VDW attraction between lipid tails, fypw, iS

approximated drom:

1 3.10
fupw = CypwOmoyn? (ﬁ)

where o, and o, are the areal density of lipids in the target membrane and vesicle
membrane, respectively, both taken as (~ 1.25 lipid/nm?), and r is the distance of any
point on the vesicle from the point of closest approach on target membrane. Cypw IS the
VDW energy coefficient which we take as 1.8 x 10723 Jnm®. This is the value for
hydrocarbons interacting through a water medium which we use as a model for lipid tails
as the specific values for lipid tails are not available, and n is the number of CH2 groups
constituting lipid tails estimated as 18. The pressure per unit area of the vesicle resulting

from electrostatic interaction between charged head groups, fxs, is calculated from:

_ Op0y (i) r/Ap 3.11
fes = 4Teey \r? ¢
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where a,, and oy, are areal charge density on the target membrane and vesicle, respectively.
Ap = 0.7 nm is the Debye screening length for physiological salt concentrations of 0.15 M
NaCl [192]. The ES and VDW pressures can be calculated by integrating the pressure per

unit area over the surface of the vesicle using

s
3.12
Pinteract = f 0y Ryesd02MRyes SIN(O) (finteract) cos(a)
6=0

Where the subscript “interact” is either the ES or the VDW pressure per unit area.

I11-Collaborative Results

In collaboration with Hakhamanesh Mostafavi, Dr. Jason Warner, and Prof. Ben
O’Shaughnessy, we used these forces, in concert with experimental results to develop a
Monte Carlo simulation of SNARE-mediated fusion. First we addressed the issue of how
SNAREs can mediate fusion between a planar membrane and a SUV, finding that they
form a ring-like structure at the site of fusion and that the size of the SNAREpin ring
depends on both the vesicle size and the number of SNAREpins in the ring. We also find
that the SNAREpin-SNAREpin and SNAREpin-membrane interactions are most important

for fusion.

Distribution of membrane separations. At temperature T, the probability distribution of
membrane separations, p(s,h), depends on the free energy, F(h), according to the

Boltzmann distribution:

~p—F(sh)/kBT — ,—[Em (h)+Esnare(S:h)+(Esnare,m (s,n)]/kT
p(s, h)~e Bl = g™ 1Fmb ® ° 3.13
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The sum is over all SNARE configurations s, at membrane separation h. F(h) is the total
free energy of the system where E,(h) = Fs(h) + Fygw(h) + Fsp(h) is the total
membrane-membrane interaction free energy at separation h calculated using egs. 3.2-3.4.
The sum of Egnare(s, h) + Esnaremb (S, h) is the total SNARE-SNARE interaction and

SNARE-membrane interaction free energy, respectively, calculated using egs. 3.7 and 3.8.

Calculation of fusion statistics: Monte Carlo simulation. A Monte Carlo simulation was
used to calculate the distribution of membrane separations h for a given vesicle size R,qs
and number of SNAREpIns N, .. COnnecting the vesicle to the planar membrane. From
this distribution we calculated the distribution of membrane interaction energies E,,;, and
membrane pressures at the point of closest approach (P,,.x), and the relative waiting time

to fusion ty,s.

Simulated clusters of SNAREpins between two membranes were generated with randomly
positioned half-zippered SNAREpins. SNAREpins were allowed to zipper and unzipper
according to the energy landscape of ref. [16] (Figure 3. C), move by both lateral and radial
motion of the TMDs, and by motion of the SNAREpin bundle in all directions of space.
Membrane separation was allowed to change. Overlaps of the SNAREpins, the

membranes, and the SNAREpins with the membranes were prohibited.

SNAREpin clusters form a ring between the membranes whose size depends on the
vesicle radius R,.s and the number of SNAREpins in the cluster Ny ... We performed
simulations with vesicles of 20 nm radius and 2-11 SNAREpins. We found that for all

numbers of SNAREpins, the cluster forms a ring with radius R;,g Which increases with

Nsnare- Additionally, we find that the membrane separation h is correlated with Ry, thus
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as the ring radius increases separation gets smaller and the membrane energy E,,;, and the
pressure between the membranes increases. Because of the exponential nature of the
membrane interactions, it is expected that for small reductions in membrane separation, the
membrane energy increases dramatically, as is clear in Figure 3.2. This is due to the nature

of the steric-hydration forces, which are exponential and have a very short decay length, ~

0.2 nm [191].
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A ring of fully assembled SNAREpins forces membranes into close contact. a) a snap-shot of the
simulations showing ring organization of SNAREpins. b) Distribution of ring sizes (bin width =
0.1 nm). c) Distribution of membrane separations (bin width = 0.05 nm). d) Correlation between
ring size and membrane separation. ) Monte Carlo time traces of membrane separation (top) and
membrane energy (bottom). f) Distribution of membrane energies (bin width = 0.5 kgT), red line
shows an exponential fit to the tail of the distribution, egs. 3.2-3.4. Ryes = 20 nm, and Ngpape =
10.
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The pressure generated by a ring of SNAREDpins is comparable to those seen to drive
fusion and hemifusion. We find that, according to eq. 3.9, the maximum pressure between
the membranes also depends on the number of SNAREpins in the cluster. The pressure
increases from ~2 £ 2 atm to ~25 £ 15 atm as the number of SNAREpins increases from
2 to 11. Using polymer cushioned membranes on mica substrates, SFA experiments have
shown that ~5-10 atm is sufficient to drive hemifusion, where only the outer leaflets of the
opposing membranes have fused, and ~50 atm will drive the hemifused state to full fusion
[196]. Thus, the pressures that we see here are comparable, and we could expect to see
fusion occur. However, as the range of pressures seems to vary greatly with changing lipid
composition and vesicle size, we only take the pressures observed here as a guide to

confirm that fusion is possible.
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Efficiency of SNARE-mediated fusion increases with the number of SNAREpins at the fusion site,
and decreases with vesicle size and linker length. Ring size increases (a), membrane separation
decreases (b) and the pressure generated between the membranes increases (c) with the number of
SNAREpins in the ring. R,es = 20 nm. All error bars show standard deviation.

Steric and electrostatic interactions induce membrane fusion, not SNARE motifs
zippering. It is thought that SNARE zippering brings the membranes to close contact.

However, the detailed mechanism whereby SNAREs produce fusion remains unknown.
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The energy released during complexation of SNARE motifs (~56-70 KT) has been
suggested to provide the free energy required for fusion [16]. Upon initiation of zippering
from N-termini the membranes can be up to 20-30 nm apart, and bringing membranes into
close contact is expected to dissipate a large fraction of the zippering energy. However,
studies of SNARE assembly kinetics [197] and the fact that SNAREpins can assemble
without fusing membranes [198], suggest that SNAREpins may assemble before fusion

after dissipating zippering energy.

Our results suggest that in the absence of regulatory proteins, the SNARE domain fully
assembles prior to fusion. We find that fully assembled SNAREpins self-organize into a
ring driven by SNAREpin-membrane and inter-SNAREpin steric and electrostatic
interactions. The ring size is geometrically coupled to membrane separation. Thus, inter-
SNAREpin and SNAREpin-membrane forces tending to expand the ring, forcing the
membranes together and enabling close contact and fusion. This suggests that steric and
electrostatic interactions, not necessarily SNARE zippering, play a key role in providing

the free energy required for fusion.
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