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List of abbreviations

SNARE: Soluble N-ethylmaleimide—sensitive factor attachment protein receptor
Syn1A:Syntaxin 1A

TMD: Transmembrane domain

SUV: Small unilamellarvesicle

SFA:Surface Force Apparatus

V.: Cterminal region of the SNARE domain of VAMP2 (typically residues 57-92)
MTC: Multisubunittethering complex

TIRF: Total internal reflection florescence microscopy

FRET: Forsterresonance energy transfer

Running title
SNARE-induced membrane fusion

Abstract

Membrane fusionis nota spontaneous process. Physiologically, the formation of coiled-coil protein
complexes, the SNAREpins, bridges the membrane of avesicle and a target membrane, brings them
in close contact and providesthe energy necessary fortheirfusion. In this review, we utilizeresults
fromin vitro experiments and simple physics and chemistry models to dissect the kinetics and
energetics of the fusion process from the encounter of the two membranes to the full expansion of a
fusion pore. We find three main energy barriers that oppose the fusion process: SNAREpin initiation,
fusion pore openingand expansion. SNAREpin initiationisinherent to the proteins and makes in vitro
fusion kinetics experiments rather slow. The kinetics are physiologically accelerated by effectors. The
energy barriers that precede pore opening and pore expansion can be overcome by several
SNAREpin actingin concert.
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Biological membranes reliably separate two aqueous regions and delineate the contours of cells and
of the organelles they contain [1,2]. Theirintegrity is ensured by theirthin ~3nm hydrophobiccore
that prevents the crossing of any solute and sparsely allows water molecules to pass from one side to
the other[3]. This spatial separationisindeed critical forthemto separately accomplish their
function [2]. In spite of this individual specialization, organelles must work collectively. Forinstance,
molecularexchanges must sometimes occur between them to share information and/or material. A
major pathway for this moleculartransport within or between cells is vesicular trafficking [4] which
always follows the same steps. First, 50— 200 nm vesicles containing selected cargo are formed from
the membrane of the donor compartment. They travel to the target membrane where they fuse,
thereby releasing both the encapsulated soluble cargointo the lumen and the membrane-bound
moleculesinthe membrane of the target compartment. This last key step of the transport process
doesnotoccur spontaneously. A high energy barrier, typically 25-30 kg T overa couple of nanometer
displacement, needsto be overcome [5-9]. This high activation costis not surprising because, to
prevent untimely vesicle fusion, two very cohesive membranes must be actively, cooperatively and
simultaneously disrupted and merged.

It has been demonstrated more than a quarter of a century ago thatthe mechanical energy source of
these mechanisms comes from proteins, the SNAREs [10-12]. These proteins formacomplex
betweenthe two membranes, the SNAREpin. There isawhole familyof SNAREpins [4]. They all
containa “SNARE domain” characterized by four coiled alpha helices [13]. Each helix displays a
heptad-repeat, i.e. a hydrophobicresidue every 3and 4 alternating residues. In the coiled-coil, the
hydrophobicresidues are aligned, forming “hydrophobicpocket” or ‘hydrophobiclayer” [13-15]. 15
hydrophobicpocketsinthe SNAREdomains are numbered from -7 at the membrane-distal N-
terminus end to +8 at the membrane-proximal C-terminus end (Fig. 1a). The layerinthe middle,
referredtoas layer0, is hydrophilicand may help the correct register of the hydrophobiclayers
emanatingfromthe fourhelices.

An archetypal example is the SNAREpin responsible for the fusion of synapticvesicles and the
neuronal presynaptic plasmamembrane. Since the synapticSNAREpinis amongthe most studied and
best characterized, we will focus on this specificone. This SNAREpin forms afour helical bundle
composed of VAMP2 (also known as synaptobrevin) that contains asingle cytosolichelixand a
transmembrane domain (TMD) embedded in the synapticvesicleand the binary complex made of
syntaxinla(Syn1A, one helixand TMD) and SNAP25 (two helices separated by alinker containing
cysteine clusters to conjugate to palmiticacids) on the presynaptic plasma membrane. Short linker
domains (~10 residues) connect the helix and TMD of Synla and VAMP2. The four helices of VAMP2,
Syn1A and SNAP25 representthe SNARE domains of the proteins.

The SNARE-induced fusion process can be cutinto six main stages (Fig. 1b). First, the membranes
must meet (i). Then, SNAREs have to “find each other” (ii) and initiate theirassembly through their N-
terminal regions (iii). Next the SNAREpin zippersin an effort to bring the membranesin close
apposition (iv). When the intermembrane distance is small enough, the membranes merge and a
fusion pore opens (v) and subsequently expands (vi). This dissection of the fusion processis valid in
vitro and in vivo when no otherfactor is involved which is not the case, forinstance, in evoked
neurotransmitterrelease where many steps are bypassed orfacilitated by scaffold proteins; this will
be briefly discussed.

Eventhough SNAREpins were proven to be a minimal, necessary and sufficient machinery forfusion
[12,16], this breakthroughresult wassetin question because of the apparently slow kinetics. Fusion
occurred on the timescale of dozens of minutes whereas the order of magnitude in vivois seconds or
minutes and can be as low as milliseconds forsynapticSNAREs [17,18]. This surprising discrepancy is



the starting point of ourreview: we will try to figure out and quantify the various kineticand
energetichurdles during fusioninduced by SNAREpins alone. We will not discuss stage (iv) that was
exquisitely deciphered by optical tweezers [19-21]. The remaining stages will be splitinto two parts:
towards SNAREpin assembly (stagesi, ii andiii) and fusion pore opening and expansion (stagesvand
vi). We will combine experimental observations and simple physics/chemistry models to show that

SNAREpininitiation (iii), fusion pore opening (v), and subsequent expansion (vi) are the energetically
limiting steps of the fusion process.



Towards SNAREpin assembly: the beginning of the
fusion process

The historicobservation that SNAREpins are the minimal machinery forfusion was performed with
an in vitro “lipid mixing” fusion assay (Fig. 2). Inthis first part, we will apply the common conditions
(concentrations, vesicle dimensions, protein densities, ...) used in this lipid mixing assay to
guantitatively analyze and model the three stages that precede SNAREpin zippering.

Getting in touch: meeting of the two membranes

Priorto fusion, two free-diffusing vesicles containing synaptic vesicle v-SNAREs (vSUV) and target
plasmamembrane t-SNAREs (tSUV) have to come in close proximity (Fig. 3a). The encounterrate
dependsonthe vesicle concentration: the less concentrated, the fewerthe collisions and
consequently the slowerthe kinetics. This concentration effect can be quantitatively predicted by the
theory of collision developed mainly by Smoluchowski [22]. This theory provides equations to
compute the initial collision rate, v, of vSUVs with tSUVs. If we note R, (resp. R;,) and p; o, (resp.
Py.) theradius and theinitial concentrationin tSUVs (resp. vSUVs), the collision rate can be
expressed as:

v = 2(R¢+Ry)*kpT pt,eo0
3NRtRy

(1)

where kg is Boltzmann constant, T the temperature and 1y the viscosity of the solution (Eq. A.7in
Appendix A). Understandard conditions of the lipid mixing assay, i.e. with 50 nm monodisperse SUVs
mixed at9:1 (mol%) of tSUV:vSUV for a total of 1 mM lipids, avSUV will experience roughly 300
collisions with tSUV persecond and there are about 2.10'* collisions between v- and tSUVs per
secondin 100ul of solution. Under conditions with one VAMP2 per~100 lipidsinvSUV and one t-
SNARE per ~200 lipidsintSUV, itwas found that the mean time forthe first fusion eventofavSUV is
typically 60 minutes [23,24], which corresponds to ~10° collision events pervesicle. Thisis consistent
with previous results that estimated only 1fusion every 10°-10’ million collision events [24,25]. This
very low yield of successful fusion per collision shows one orseveral subsequent stages of the fusion
process are slowerthan the meeting of the two membranes in vitro. Nevertheless, itis worth noting
that, the collision rate being proportionalto the vesicle densities, it can quickly decrease and become
aslowstepindilutedsituations.

Finding a mate: encounter of the cognate SNAREs

In the course of the collision of two vesicles, a pair of cognate t- and v-SNAREs diffusing on the
vesicle membranes will have to “find each other” for fusion to proceed (Fig. 3b). Thisencounter of
the two SNAREs can occur whenthe membranes are less than a certain distance d apart. The mean
square displacement of afreely diffusing particle predicts the approximate time during which two
vesicles, with arelative diffusion coefficient D¢y, remain less than a distance d apart:

d2

Tcollision — 6Dsuy (2)



Surface Forces Apparatus (SFA) measurements hinted that cognate SNAREs can find each other when
the membranesare lessthan 8-15 nm apart [26,27], which seems reasonable considering that the
fully assembled complex, from N to C terminal, has a size of 12nm. Ford = 15 nm and a typical value
of 20 um?/sfor Dsyy, Tcouision POils downto a few microseconds. Random movement of a protein
on an artificial membraneis characterized by a diffusion coefficient, Dy otein- During the timescale
Teollision, thisleavesaSNAREtime to explore anarea
_ _ 2Dprotein 2

Aexp = 4'DproteinTcollision - TSUV d (3)
Dprotein Was measured to be about 5 um?/s [28]. With these experimental values, @, scalesasa
few tens of nm? which indicates that one SNARE covers the area of ~100 lipids duringa collision
event. This threshold density, one SNARE per 100 lipids, is close to the standard SNARE density used
inthe lipid mixing assay and to the physiological density of v-SNARE on a synapticvesicle [29]. Below
thisthreshold, oursimple model predicts that the fusion rate should vary linearly with the density of
SNAREs. A new analysis of a study that systematically varied SNARE densities on both v-and tSUVs
[30] confirms this linear dependency (Appendix B). Abovethe threshold density, during the course of
a collision, there is enough time for v-SNAREs to completely coverthe surface of the vSUV and meet
an apposingt-SNARE or any protein of similar dimension. Hence, at physiological SNARE densities, it
seemsthatthe encounterof the cognate SNAREs should occur systematically during the course of a
collision.

Overcoming timidity...: difficult initiation of SNAREpin assembly

In the lipid mixing assay, av-SNARE starts binding viaits N-terminalend on a well-structured t-SNARE
(SNAP25+ Syn1) N-terminal part (Fig. 3c, left) [31]. When the v- and t-SNAREs meet, theirvery few N-
terminal residues weakly bind in a matter of at mosta few seconds when membranesare 8nm

apart, as observedinthe SFA [27]. However, it was also found that it takes up to half an hour to
observe completezippering. Thislong delay between initial contact was first attributed to the SFA
geometry in which two macroscopicflatsurfaces (~1 cm?) are placed a few nanometers apart. This
non-physiological confinement of the proteins was assumed to slow down the process. It turns out
that, consideringthe collision and fusionratesinthe lipid mixing assay, thisinitial explanation of the
longdelay forthe initiation of SNAREpin assembly is most likely incorrect. Indeed, it takes 1-10
million collisions foravSUV to fuse with a tSUV under physiological concentrations of v-SNARE in the
lipid mixing assay. Each collision takes 10 us and involves ~10v-SNAREs that all have the opportunity
to meetan apposing t-SNARE. Assuming thatthere is no cooperativity between the SNAREpins and
the first SNAREpin forms on average aftera cumulated contact time forall SNAREs in play, a v-SNARE
needstobein contact with a t-SNARE for 100 — 1,000 s on average. Thisdelayis commensurate with
the upperlimitof 1,800 s measuredinthe SFA.

Overall, this suggests that the initialization of SNAREpin zipperingis the limiting step in the lipid-
mixing assay. Fromthe 100 - 1,000 s meantime required to start SNARE zippering, itis possible to
estimate the activation energy of the process, E 4, using Kramers reaction-rate theory [32,33]. The
meantime, 7, can be expressed as:

Ea
T = 1gekBT (4)



For reactions that occur overa couple of nanometers, asis the case here, the prefactortime, 7, is
between0.1and 10 ns [33,34] and E, would therefore be between 23 and 30 kgT. Thisvalueis
consistent with bulk measurements of the binding rate of v-SNARE with t-SNARE [35]. It was
suggestedthatsuch a high energy value may be due to the necessity forthe proteins to position and
locally change structure to be able to bind [31,35,36]. A possible pathway for this structural change is
suggested by experiments showingthatinthe 1:1 Syntaxin:SNAP25t-SNARE complex, i.e. the
physiological stoichiometry, the N-terminal portion forms athree-helix coiled coil while the C-
terminal region remains frayed [36,37]. The N-terminal coiled coil would need to be opened forthe v
and t-SNAREs to bind [36-38]. It has also beenlongknown that structuring the C-terminal part of the
t-SNARE by prebindingit with the soluble cognate v-SNARE region, V., accelerates SNAREpin
assembly [31,39]. A putative explanation to conciliate these observationsisthat V. binding structures
the four-helixbundle at the C-terminal part of the SNARE domain and this structure propagatesin
the N-terminal region of the t-SNARE domain, thereby opening the groove where v-SNARE can
directly bind. In vitro experiments suggest that this structural remodeling reduces the activation
energy forSNAREpininitiationto 8 kgT [35] which would make the SNAREpin assembly extremely
fast (0.3 to 30 ps accordingto Eq. 4).

...with the help of chaperones

From the minimal initial assemblymodels presented above, two main hurdles to achieve fusion can
be identified: vesicle - target membrane meetingand SNAREpin zipperinginitiation. These limitations
may look like they would create difficulties in physiology by slowing down the fusion process, just as
it was observedinthe lipid mixing assay. Actually, they can be switched on or off by effectors and
appear as assets used by cells and organelles to control and induce SNAREpin formation [40].

To bring and maintain the vesicles at a distance compatible with SNAREpin formation, 10to 20 nm,
longtethersare used. Theyinclude the long bananashaped protein Muncl13that can form
complexeswith proteins from the RIM and Rab families [41-48]. By extending thesetethers away
fromthe target membrane surface near calcium channels, these complexes are able to capture
vesicles and position them at the location where calcium willenter during neurotransmission. A pool
of vesicles can thus be permanently docked, thereby overpassing the difficulty forthe vesicles to
meetthe target membrane [49]. This description correspondsto the synaptic SNAREpins. Forother
SNAREpins, other macromolecular complexes are used to tetherthe vesicles. They are often referred
to as Multisubunit Tethering Complexes or MTCs [50,51].

Switching off the energy barrier forinitial SNAREpin assembly requires another effector. This
functionisachieved by Secl/Munci8-like proteins [52-57]. To better understand the activation role
of Munc18, a pointneedsto be clarified regarding t-SNAREs. In most in vitro experiments, the t-
SNARE complex made of Syn1A and SNAP25is preassembled. Thisis not the case in vivo. Hence, the
activation energy for SNAREpin initiation presented above cannot quantitatively represent the
physiological reality: forexample, thereisnoneedtoopen a groove inthe t-SNARE for v-SNARE to
bind. However, in neurons, the N-terminal part of the Syn1A SNARE domain forms a four helix-
bundle with the so called Habc N-terminal of Syn1A [58-60]. This coiled-coil needs to be disrupted to
allow SNAP25and VAMP2 binding. This disruption of the protein complex requires energy that will
be a barrierto initial SNAREpin assembly. To our knowledge, the actual value of this energy barrier
has notbeen measured but, because it entails disrupting more bonds that the opening of agroove in
vitro, itislikely to be largerthan the 23 and 30 kgzT. At the molecularlevel, Munc13is needed to
openthe Habc domain [53], Muncl18 can grab the N-terminal of both Syn1A and VAMP2 SNARE



domains [61,62] and bringthem together[63,64]. SNAP25binds to Munc13 which chaperonesits
assembly with Syn1A and VAMP2to initiate SNAREpin formation [65].

Finally, the membranedistribution of the t-SNARE may help chaperones to accelerate the initial
SNAREpinassembly by increasing encounter probability between cognate SNAREs. Forinstance,
SynlAis known to form in vivo microdomains of different sizesin equilibrium with freely diffusing
proteins. Super-resolution techniques hint at clusters of diameter 50to 80 nm with 30 to 90 copies
of Syn1A, colocalizing with SNAP25 clusters having at least asimilar number of copies [66-70]. The
evidence hence suggests the existence of domains with very high concentrationsin t-SNAREs, scaling
as tens of thousands of complexes per um?, which probably improves the speed of the docking and
priming process. The size, composition, structure and organization of the clustersis notyet fully
understood but might be controlled by lipid composition, protein-protein interactions [66,67], the
inclusioninan active zone [68] and the presence of a primed vesicle [69,70]. These possibilities of
modulating clusters could as well provide more control overfusion.

Pore opening and expansion: the end of the
fusion process

In this second part, we will focus on the final action of the SNAREpins: the fusion processitself, i.e.,
the actual merging of the two membranesinto asingle entity. Asthe SNAREpin zippers, the apposed
membranes come in close proximity. When the remaining waterlayerbetweenthemis1to 2 nm,
depending onthe membrane composition [8,9], they are destabilized and afusion pore opens. This
short intermembrane separation at fusion suggests that only the C-terminal regions of the SNAREs,
probably beyond layer+3, may play an active part in the actual fusion process. This hypothesisis
consistent with experimental observations [71,72].

At the molecularlevel, the destabilization of the membranes towards the formation of the fusion
poreis a complex process that has been the focus of many studies [73-86]. SNAREpins may actually
influencethis molecular pathway and favorthe formation of intermediate lipid and protein
arrangements [87,88] and affect the nature of the pore (see Box 1 forrelated discussion). Each fusion
eventwill gothrough a different molecular pathway since hundreds of molecules are involved and
the geometry of lipids willfavor some fusion pathways over others [6,94-97]. To circumvent this
variability inherent to complex systems, we will envision the fusion process as asingle reaction with a
global activation energy barrierthat needs to be passed to open the fusion pore. The mainreason for
thisapproach isthat, experimentally, fusion is usually demonstrated by the actual openingofa
fusion pore and not by the intermediate states. In any case, SNAREpins lead to the same final result:
the formation of an extended fusion pore.

In this part devoted to the formation and expansion of the fusion pore, we willfirst describe the
differenttypes of observations, present the current view of pore opening and expansion and model
the energeticsinvolved in each step.



How to probe the fusion pore

Two main types of experimental measurements are performed: optical and electrical.

Optical observations using fluorescence dequenching can be achievedin bulk or at the single fusion
eventlevel. Quenched fluorescent dyes are placed in the vesicle, eitherbound to the membrane asin
the lipid mixing assay presentedin the first part (Fig. 2) or inthe lumen, referred to as “content
mixing” assays (Fig. 4) [98-108]. Upon fusion, the dyes diffuse away from the vesicle and their release
isobserved by the resultingincrease of fluorescence due to the dequenching. The main limitation of
lipid mixing assaysisthatthey do notdirectly accountfor the openingof a fusion pore. Forinstance,
a hemifusion state in which only the externalleaflets of the two membranes have merged may be
mistakenly confused with fusion. Lipid mixing also provides limited information on the fusion pore
kinetics because the dyes are released extremely fast, typicallyin ms fora 1 nm diameter pore (see
Appendix C). Conversely, the release of encapsulated fluorescent dyes through afusion pore occurs
on aslowertime scale because the pore first needs to expand. The main difficulty of contentrelease
assaysis to verify thatthe cargo does not diffuse away fromthe vesicle through leaks induced by the
mechanical action of surface tension or by chemical modification of the membrane properties.
Ideally both “lipid mixing” and “contentrelease” assays should be performed in parallelto ensure the
validity of the results.

Electrical observations can also be used to monitorthe kinetics of the fusion pore [109,110]. They
require to place at leastone electrode on each side of the target membrane. In theory, monitoring
the impedance of the vesicle/target membrane system during the fusion process allows the
simultaneous characterization of the pore kinetics and the vesicle size by measuring the conductance
and capacitance, respectively (Fig. 5a). In reality, the conductance only provides transient
information because the voltage difference between both sides of the fusion pore quickly vanishes to
zero. Thisissue can be resolved by imposing apermanentvoltage betweenthe two sides of the
target membrane and placing the lumen of the vesiclein electrolyticcontact with the vesicle exterior
(Fig. 5b). Electrolytic contact can be achieved by eitheradding channelsin the vesiclemembrane
[110] or replacing the vesicle by asmall membrane patch, called nanodisc[103-105].

Finally, inthe lastyears, with the increasing computational strength and the theoretical progressin
the field, molecular dynamics simulations have proven to be a more insightfulmethod to numerically
probe the structural and functional properties of biological systems. Molecular dynamics simulations,
by providing unique information on molecular remodelingand arrangement during fusion, nicely
complement experimental observations.

We will now discuss the two main stepsinthe fusion process: the nucleation, i.e. the opening of a
pore, and its subsequent growth.

How to seed a fusion pore

Before discussing SNARE-induced fusion pore opening, itisimportantto understand the dimensions
and energiesinvolved. Here, we will presenta model assuming that membrane interactions involved
inthe fusion process are purely associated with the physical and chemical properties of lipid bilayers;
proteins may actually alterthese interactions but are unlikely to significantly change the orders of
magnitude (see box 1). The analogy noticed almost 50years ago between the fusion process and the



transition fromlamellar phases to other phases, e.g., hexagonal orrhombohedral phases [7,8,111],
provides quantitative insights. Merging the membranes and opening afusion pore necessitates
overcomingthe sharp short-range hydration/protrusion forces between membranes. These repulsive
surface forces, Fg, decay exponentiallywith the separation distance, d:

Fa(d) = Poe ™ (5)

with a characteristiclength, 4, of a few Angstroms and a prefactor, Py, of about 100 atm [7,8]. This
explains why merging the membranes and opening afusion pore is energetically costly, ~25 kgT
[5,6]. Since this energy must be provided overavery shortdistance, typically 1nm [7,8], the average
force is 100 pN. Assumingthatthe pore opensat 100 atm pressure, this force should be applied on
an area of 10 nm?, whichis occupied by 15 lipids. Hence, the initial opening of a fusion pore probably
involves ~100 lipids when accounting for both leaflets.

A 25 k5T energy barrieris sufficient to prevent spontaneous fusion. Indeed, just asin the first part
for the initiation of the SNAREpin, we can use Kramers reaction-rate theory (Eq. 4, [32,33]), to
estimate the waiting time, 7,,, before thermal fluctuations provide enough energy for passing the
fusion barrier, E:

T,y = Tg €Xp (%) (6)

Eqg. (6) indicatesthatthe waitingtime isinthe minute scale for E;, = 25 kgT, which predicts that
fusion will not spontaneously occuron an experimentally relevant time scale for neurotransmission,
highlighting the physiological need for SNAREpins. Here, we will provide asimple model describing N
SNAREpinstemporarily clamped in a partly assembled state and simultaneously released,
approximately mimickingthe role of the calcium sensor Synaptotagmin-1. In this model, the
acceleration of the fusion process by SNAREs can be quantitatively estimated by calculating the
duration of two distinct phasesinthe SNAREpin: approaching the membranes and actual opening of
the fusion pore. First, the SNAREpins must reduce the vesicle —target membrane distance from their
initial separation to the minimum of the energy landscape beforethe fusion barrier, i.e., 2to 3 nm.
Thisis achieved by the pulling force applied by each SNAREpin, F,. Because the systemis
overdamped, the speed of the vesicle, v, is driven by the drag force, i.e., the Stokes force, that
opposesthe N SNAREpins pulling force:

_ N

3mdn

(7)

where 77 is the viscosity of the surrounding aqueous medium and d the vesiclediameter. Hence, the
time, 74, to travel a distanceis:

3mldn
NF,

. (N) = (8)

where listhe total displacement of the vesicle. Once the vesicle has reached the minimum of the
energy landscape, itfacesthe fusion barrier that must be overcome by thermal fluctuations for
fusionto occur. Because the SNAREpins are pullingon the membranes they reduce the height of the
fusion barrier. Hence, using Kramers reaction-rate theory, the waiting time for N SNAREpins
becomes:

(9)

Eb—N6e)

Tw(N) =19 exp (RT

Where §e is the energy reduction of the fusion barrier due to asingle SNAREpin.



The fusion time to bring the vesicle fromtheirinitial separation distance to contact and subsequent
fusion ¢ (N), is the sum of the travel and the waiting time:

(V) = 7, (N) + 7, (N) = 2 (Eotuse

NF, + 1o ex - (10)

Two regimes are predicted for 7¢ (N) (Fig. 6a). Inthe firstregime, atlow N, the waitingtime is
limiting. Then the fusion time decays exponentially with the number of SNAREpins. Inthe second
regime, athigher N, the travel time islimitingand ¢ (N)isinversely proportional to N. Using the
valuesin Appendix D, Eq. 8 predicts a threshold value of N=4 SNAREpins for which the fusiontime is
dozensofns, i.e., extremelyfast (Fig. 6b). These predictions are in quantitative agreement with the
experimental observations suggesting thatittakes ~1 s fora single SNAREpin to drive fusion
[112,113]. Fig. 6b alsoimpliesthat 3 or more SNAREpins must act simultaneously to achieve
neurotransmitterreleaseinlessthan 1 msin synaptictransmission. The prediction of this simple
model on the numberof SNAREpinsis consistent with experimental observations [114,115] and
moleculardynamicsimulations showing once the SNARE domains are almost fully zippered, the
membranesare in such close apposition that the polarheadgroups of the outerlipid leaflets are
dehydrated toa level allowing fusion [116].

The simple model we present here suggests amonotonicdecrease of the fusiontimewith the
number of SNAREpins. Intriguingly, several models suggest that there is an optimum SNAREpin
number forfast fusion because usingtoo many SNAREpinsinthe contactarea of the vesicle and the
target membrane would actually slow down the fusion process [116,117]. Two reasons forthe
existence of an optimum number have been proposed. First, stericrepulsionsincrease the
equilibriumintermembrane docking distance impeding efficient fusion. Molecular dynamics
simulations predict ashift of the membrane separation from 2to 3 nm when varyingthe number of
active SNAREpins from 7 to 13 [116]. Second, a mechanical model showsthatthe SNAREpins which
are notsufficiently zippered provideaforce opposing fusion; the predicted optimal number of
SNAREpins before this effect becomes dominantis3to 7 [117]. There is no experimental proof yet of
the existence of such an optimum number of SNAREpins.

For fusion to actually occur, the zippering force applied by the SNAREpins to the apposing
membranes needs to be transmitted by the linkerand transmembrane domains (Fig. 7). To test the
actual role of these domains, experiments and molecular dynamics simulations have been performed
with specific mutations, deletions or substitution with lipid chains [15,90,118,119]. The assembly of
the linkerand transmembrane domains into coiled-coils seems to provide energy to help pore
openingand possibly subsequent expansion. However, there isan open question on the structure
and rigidity of the linker domain that condition the efficiency of the force transmission.

The last element of the SNAREs that plays asignificant partin the nucleation processisthe very C-
terminal end of VAMP2[120]. VAMP2 has 2 hydrophilicuncharged residues afterthe
transmembrane domains that are preserved across species, usually Ser-Thror sometimes Ser-Ser.
Several studies show that they play animportantrole in pore opening byinducingthe deformation
of the bilayeraround the C-terminalleadingto the nucleation of the pore by forcing the
rearrangement of lipids. Because the vesicle has a high positive curvature in contrast to the nascent
fusion pore characterized by a high negative curvature, adramatic change in curvature occurs on the
vesicle side. The two hydrophilicresidues provideleverage forthis transition. Intriguingly, Syn1A
ends with the transmembrane domain without any subsequent hydrophilicresidue. The curvature
changeson the target membrane side are not as drastic and the stronganchorage of the t-SNAREin



the hydrophobiccore through Syn1A and SNAP25seems to be sufficientto ensure optimal fusion
[71,121].

How to grow a fusion pore

Openingafusion poreis notsufficientto ensure full fusion. The importance of the subsequent
expansion of the pore must notbe underestimated because itis nota spontaneous processand also
requires some energy. Expansion of the nascent fusion pore is associated with the energetically
costly extension of the highly curved rim. Those curvatures will be continuously reduced as the pore
extends (see Appendix Efor explanations). Using asimple model based on curvature energy and
crude torus-like geometry, thereis athreshold pore diameter corresponding to an expansion barrier
(Fig. 8).If the pore expands above this threshold diameter, it spontaneously expands. Conversely, if
there is not enough energyto passthe barrier, the pore ultimately reseals. Resealingisnota
straightforward process eithersince, justlike for openingthe fusion pore, the two membranes that
formthe rim of the pore must merge to form fully distinct lumens. In this situation, the pore is
trappedina transiently open state and will eventually reseal when thermal fluctuations provide
enough energy to overcome this resistance to resealing.

Considering each SNAREpin provides a constant force towards the expansion of the fusion pore, the
energy landscape with one, two orthree SNAREpins can be computed in the crude torus-pore model.
Usingthe energy landscape for pore expansion resulting from this model and typical force applied by
SNAREpins, 3SNAREpins would start spontaneously expanding the pore (Fig. 8and appendix E).
Several types of in vitro experiments with nanodiscs, vesicles and suspended membranes have
investigated the effect of the number of SNAREpins onthe nascentfusion pore [103,110,114,115].
These studies consistently suggest thatone or two SNAREpins are indeed able to open afusion pore
but cannotexpand beyond the expansion barrier, making the fusion pore transient. The average
apparentdiameterof afusion pore induced by a single (resp. two) SNAREpin(s)seemsto be inthe
range 0.3-0.4 nm (resp. 0.8 — 0.9 nm) [110]. These transient pores reseal afterafew hundred
milliseconds when the SNAREpins run out of energy, i.e., when the transmembrane domains are fully
zipped.

Afterfusion pore opening, the SNARE domains and atleast part of the linker domains are already
assembled. Hence, the energy forexpanding the pore is expected to come from the zipping of the
transmembrane domains. Thisisindeed whatis experimentally observed. When the transmembrane
domainsare replaced by lipid chains or other non-interacting transmembrane domains, cargo release
isreducedto the levelinduced by one ortwo SNAREpins [115].

How to catalyze pore opening and expansion in vivo?

We saw that the formation of an expanded fusion pore is energetically opposed at two stages of the
process: the fusion and the expansion barriers. Intriguingly, while a couple of SNAREpins are not
sufficient to bypass these barriers, ahandful of simultaneouslyacting SNAREpins provides enough
energy to make them both disappear, makingthe fusion process spontaneous. Hence, for cells to
precisely control the time of fusion, several SNAREpins must be synchronized. This synchronicity is
primarily achieved by several copies of the calcium sensors Synaptotagmin-1thatclamp a few
SNAREpinsinapartly zipped state and synchronouslyrelease them upon calcium entry. Another
potential protagonist of this synchronization on the synapticvesicle, synaptophysin, forms hexameric
structures necessary to make the synapticvesicle functional andisable to bind VAMP2[122-125].
This organization may regulate the number of v-SNAREs presented to the target membrane [126]. In
this cryoelectrontomography study, it was proposed that each protein complex of the hexameric



structure contains one partly assembled SNAREpin with VAMP2 emanating from the
Synaptophysin:VAMP2 complex. To match this hexamericstructure on the plasmamembrane side, it
has been proposed that Munc13, possibly helped by Synaptotagmin-1, oligomerizesinaring-like
structure, facilitating the assembly of exactly 6SNAREpins [127]. The perfect matching of the
symmetry between the two membranesis an appealing solution to guarantee thatthe optimum
numberof SNAREpins are acting togetherwhen fusionis triggered. However, these mechanisms still
remain to be proven both structurally and functionally.

Conclusion

The overall SNARE-induced fusion process is considerably slowed down by three main energy
barriers:initial assembly of the SNAREpin, fusion pore opening and pore expansion. Initial assembly
occurs at the very N-terminal part of the SNARE domains and requires structural changesin the t-
SNARE that are energetically costly. To open and expand the fusion pore, each part of the SNAREpins
fromlayer+3/+4 of the SNARE domain to the very C-terminal plays a specific part. Zipping of the
SNAREpinfromlayer+3to +7 is responsible for bringing the two membranesinto molecular contact.
Zippingof layers+7, +8 and possibly part of the linker domain provides the energy forovercoming
the fusion barrier. Itis likely that 5 SNAREpins or more are necessary to make the fusion barrier
disappearalthough thermal fluctuations are sufficientto overcome itinlessthan 100 us when 3 or
more SNAREpins are actingtogether. The linkers transmit the zipping force to optimize the action of
the SNARE domains and provide the final energy stroke to openthe fusion pore. The C-terminal
hydrophilicresidues of VAMP2 reinforce this force transmission by facilitating the deformation of the
vesicle membrane. The zipping of part of the linker domains and of the transmembrane domains
might be in charge of pore expansion. Experimental results and models suggest that the expansion
barrier disappears when 3SNAREpins or more are simultaneously zipping.
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Box 1 - Nature of the fusion pore: lipid, proteins, both?

Understanding the molecular nature of the fusion pore is a prerequisite to understand quantitatively
how the fusion pore opens and expands. Thisis a difficult task because at 1 to 10 nanometerscale,
molecules are very dynamicand timescale for movementis dozens of ns [89]. This fast movement of
the molecules always needs to be keptin mind: there is no such thing as a constant nature of a fusion
pore.In any case, we’ll try to identify the molecular regions that are the most likely to be decorating
the rim of the pore. Since the poreisaqueousit will always be energeticallymore favorableto have
hydrophilic motives exposed to the inside of the pore. However, in lipid bilayers, itis well
documented that hydrophobic parts are frequently facing the aqueous region. In the same way,
thereisno doubtthat lipid chains and hydrophobicresidues fromthe SNARE transmembrane
domains can transiently be exposed at the rim of the pore.

The best picture of the typical molecular nature of the fusion pore is probably obtained by molecular
dynamics simulations. They show that the pore is mainly decorated by polar heads of lipids and C-
terminal regions of the SNAREs [90]. Experimental observation suggest thatthe transmembrane
domainscan also be in contact with aqueous phases [91]. It remains unclear whethertheyarein
direct contact with the aqueous pore or with inverted micelles that may form during the fusion
process [92].

In summary, the pore appearsto be mainly delineated by polar heads of lipids with scarce presence
of protein residues, primarily coming from the C-terminal region of the SNAREs and possibly also
from the transmembrane domain [93].




Appendix

A - Rate of collision of vesicles/nanodiscs in a
lipid-mixing assay

The rate of collision of vesicles ornanodiscsinthe bulk can be computed with the standard
Smoluchowskiapproach [22].

We considertwo types of vesicles/nanodiscs:

- Those containing v-SNAREs, named "v-particle” in the following, of hydrodynamicradius R,
bulk concentration p,, o, and diffusion coefficient D,,

- Those containing t-SNAREs, named "t-particle” in the following, of hydrodynamicradius R,
bulk concentration p; o, and diffusion coefficient D,

Let usfix the coordinate system onthe centerof a v-particle. We want to know the flux of t-particles

colliding with ourv-particle because of diffusion processes. The spatio-temporal profile of the
concentrationint-particles p; o, is given by Fick’s second law:

9pt _
24— DAp, (A.1)

whereD isthe diffusion coefficient of t-particles in the referential of v, which can be shown to be
D =D;+ D,,.

Stokes-Einstein’s equation then gives us

_ kBT(Rt+Rv)
" 6mnR¢Ry

(A.2)
with n the dynamicviscosity of the solution whichis approximately equal to that of water.
In a steady-state regime, (A.1) boils down to the Laplace equation:

which can be solvedin spherical coordinates.

Assuming that, upona collision, there is no aggregation (fusion or bouncing back are rapid events)
the boundary condition around the v-particle is:

pt(R¢+Ry) =0 (A.4)
The spatial concentration of t-particle ata distance r fromthe considered v-particle can then be
obtained from Egs. (A.3) and (A.4):

R¢+Ry
T

pt|r>Rt+R,, = Ptoo (1 - ) (A.5)

The flux of t-particles comingin collision with ourv-particle can then be deduced from Fick’s first law:
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By integratingthe flux overthe sphere of radius Rt + Rv, we finally get the following collision rate:

_ Z(Rt+Rv)2kBTpt,oo

P (A.7)

What isremarkable here is that the collision rate only depends on the ratio between the two radii. In
particular, if the two objects have the same radius:

V= 8kBT Pt

» (A.8)

To find orders or magnitude that are consistent with whatis usually done experimentally, we will
take v- and t-vesicles of monodisperse radius 25 nm, each of them with a final lipid concentration of
1 mM [12,24,30]. The molecularareaofa lipidistypically 0.65nm? [8]. Thus, the number of lipids per
SUV can be estimated to be 20,000. The resulting molarconcentrationinvesiclesis 50nM, i.e. the t-
vesicle concentrationis p o, = 2.5. 101 vesicles/m?, which yields v~300 collisions/s. Given an initial
slope of the corrected dequenching curve ~1/4000 seconds for vesicle-vesicle, this means lessthan 1
collision out of 1 millionis successful [24,25].

B — SNARE additivity and cooperativity in the
lipid mixing bulk assay

Accordingto Eq. 3, duringa collision, aSNARE covers the area occupied by ~100 lipids. Assuming
there is no cooperativity such as oligomerization between SNAREs, when the lipid to proteinratiois
significantly largerthan 100, each SNARE can be considered independent of the others. With this
assumption, the probability thata SNAREpin starts assembling from a specificvSUV will vary linearly
with the concentration of VAMP2in the vSUV and with the concentration of t-SNAREin the tSUV.
Hence, the fusion rate in the lipid mixing bulk fusion assay, v¢, should be inversely proportionalto

the lipid to protein ratios in both types of SUVs:

Vref

Vr X (B.1)

Where, (resp. ;) is the lipid to proteinratioin the vSUV (resp. tSUV) and v,..f a reference fusion
rate.

The assumption thatthe SNAREs behave independently of each otherand the existence of threshold
lipid to proteinratios can be tested by comparing the fusion rates at various values of r,and r;. The
fusion kinetics has previously been systematically measured at different, accurately measured lipid to
SNARE ratios varying from ~80 to ~3000 lipids per outward facing SNARE [30]. We reanalyzed the
data and considered the initial kinetics are well represented by the percentage increase of
fluorescenceat 80 minutes. This approach underestimates the kinetics at high protein density
because the fusion rate will go down as more vSUV fuse with tSUV but is the most accurate in the
lower concentrations.

To checked equation B.1, we took Toref =649 lipids per VAMP2as a reference and, foreachr;,, we

Vf(rv)rv

averaged overall tested ;. We calculated the same parameterforthe t-SNARE taking

vf rvref rvref
Toref = 362 lipids pert-SNARE. According to our assumptions that there is no cooperativity of the

SNARE in the lipid fusion bulk assay and that the SNARE contributions are additive below a



concentration threshold, the resulting parameters, p,, and p;, should be equal to 1 above a certain
lipid to proteinratio. Figure 9 confirms this prediction suggesting that the SNAREs do not exhibit any
cooperativity and have additive contributions to fusion under these experimental conditions.

C - Kinetics of lipid mixing and content release

In this appendix, we will consider the fusion of avesicle with aninfinitely large target membrane. The
extracellularmedium willalso be considered infinitely large. The vesicle membrane initially contains
membrane-bound molecules (resp. encapsulated cargo) ata concentration ¢, (resp. c.o). The
fusion pore isassumed to have a fixed radius, rp,anda length, L,,. We will estimate the
concentration of membrane-bound molecules, c,,, and encapsulated cargo, c., remaininginthe
vesicle intime. At any time, the concentration of membrane molecules (resp. cargo) initiallyin the
vesicle that diffused to the target membrane (resp. extracellular medium) is zero. Hence, the

. . . [ Cc . .
membrane molecule and cargo gradientsinthe pore can be written asL—mand L—" respectively. Using
P P
Fick’s firstlaw, the variation of ¢,,, in time can be written as:
e 2mrp cm(®) TpDm

= - c,@®  (C.1)
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Where D,,, is the diffusion coefficient of the molecules and 7, the vesicleradius.
The situationisslightly more complex involumebecausethe pore radius needs to be largerthan the
hydration radius of the cargo, 7. Hence, the effective pore radiusis (- — 1.).Fick’s firstlawleads to:

ac D 3m(rp-7o)” ® 3(rp-r)°D,
el o P pto P20 @®  (C2)
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where D, is the diffusion coefficient of the cargo which can be estimated from Stokes-Einstein equation:

_ _kpT
D, = P (C.3)
Hence Eqg. C.2 can be rewritten:
2
dc () _ (Tp_rc) kpT
at 8nrd LpTen Ce (t) (C4)
For a pore of fixed radius, Eq. C.1 and C.4 can be readilyintegrated:
t
() =cpoe ™ (c.5)
With the following expression for the characteristictime, z,,:
_ 2r§ Ly CE
= (C.6)
And:
_t
c.(t) =cpe ifn, > (C.7a)
c.(@®) = cgg ifr, <7, (C.7b)
With the following expression forthe characteristictime, 7,.:
8TTE LyTcn
T, (C.8)

- (Tp—TC)ZkBT
95% of the molecules (membrane-bound orencapsulated) are released after 3 characteristictimes.
The typical examplesforthe releasetime of 95% of the molecules presented in Fig. 10show that
encapsulated cargos will be released much slowerthan membrane-bound molecules forfusion pores
up to ~1 nmindiameterbutwill be fasterreleased forlarger pores. Hence, foran efficient cargo
release during fusion the pore needsto expand beyond afew nm. The membrane-bound molecule
will be releasedin ms evenwithasmall pore.

Physiologically, several SNAREs act on the membrane. The fusion pore radiusincreasesintime with a
speed v almost constant, typically 1nm/ms [109]. Inthat case, Egs. C.1 and C.4 become:
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Which can be integrated:
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Fig. 10b shows the release of membrane-bound and encapsulated cargo. Expanding the fusion pore
ensuresafast and complete release of both types of contentsinacouple of milliseconds, whichis
critical for neurotransmission.

D — Time for fusion

We’ll choose an energy reduction of the fusion barrier due to a single SNAREpin, e, of 6 k5T which
issimilartothat previously predicted [117]. For E}, = 25 kgT, 5 SNAREpins or more will completely
abolish the fusion barrier. The force applied by asingle SNAREpin is of the order of 30 pN in this
range of intermembranedistance (~30kzT energy gainovera 4 nmdisplacement[20]). With these
values, the travel time of the vesiclefrom a5 nm separationto 2 nm before fusion, the decreased
fusion barrier, the waiting time and the fusion time can be calculated from Egs. 8, 9and 10. The
results are presentedin Table 1. The fusion time is plotted in Fig. 6b.

E - Energy landscape of the fusion pore
expansion

Preliminary description of the model

Let us considera fusion pore between avesicle of external radius %, and a flat membrane that opens
as the two objects are at a distance h that we will assume constant during the pore expansion
process (Fig. 11). The thickness of the lipid bilayersis noted t. The lipid bilayer will be considered as a
continuous and differentiable (i.e., “smooth”) curve, which is a simplifying but also bold assumption
at thisscale.

We will focus onthe case in whichthe pore has a circular tore-like geometry. The radius (taken up to
the middle of the bilayer) of the small circle forming the tore by rotationis notedr, and increases as

the fusion pore expands. The portion of the tore spans froman angle — TZ—Tto a maximal angle called
0,, which will decrease. We willcall 8 the variable describing the portion of the circle between —;—T
and 6,,,.

We can also choose a cylindrical coordinate system to describe the shape of the pore with the radial
coordinate denotedr, that describes the radius of the pore at a certain height, taken up to between

the monolayers. The radius of the pore taken up to its rim will be notedr, ; it is the minimum value of
t

r—-.
2



Given our parameters, we have that:
t
r=rts +7,(1 - cos(0)) (E.1)

7. can be obtained fromthe Pythagorean theorem (see Fig. 12):

Te=2r,—7T,+ h — t/2 — \/2(27‘,,2 — ht + hr, — 21t — hry, — Zr,,rp) (E.2)

Finally, we can compute 8,, through:

rp+iare
cos(0,,) = —*— (E.3a)
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Computation of the curvature energy

We will assume here that curvature is the sole driving tforce. Hypothesizing that the membranes are
spontaneously flat, the curvature energy of the systemis E, = K/fov+T(c)2dS, where Kisthe
membrane bending modulus, <c>is the mean curvature at the considered point, Vis the surface of
the vesicle and T that of the partial circular torus that forms the pore.

Curvature energy of the fusing vesicle

The curvature energy of the fusing vesicle is that of the full vesicle minus that of the spherical cap of

2
surfaceS = 2r (rv - %) (1 — sin(6,,)) that disappeared because of fusion. The curvature for the

vesicle being constant equal to 2/(rv-t/2) atany point of the vesicle, the total curvature energy of the
vesicleis:

E,=X*% [4n (- 2)2 S ] = 4Kn[1 + sin(8,,)] (E4)

2 (n-3)

Curvature energy of the tore

The curvature onthe torusisgivenby:

_ cos(6) | 1
(c) = — + o (E.5)
The elementary surface dSisgivenby: dS = 2nr r.d6, so that the torus curvature energy is:
2
2 _
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By substitutingrbyits expression and notinga: = —rz— > 1, we get:
c
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a+1
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Substitutingu = ’a—l tan(0/2) leadsto f_;_r a—cos(e)de = mf_\/;_l =
a—1

Which providesthe final expression of the torus curvature energy:

—4(sin(6,,) + 1) +\/%2_1(arctan ( ’%tan (97’") ) + arctan< /%))] (E.8)

Total curvature energy

Et=7TK

The sum of Egs. E.4 and E.8 providesthe total curvature energy:

_ 2nKa? ’ﬂ Om atl
E.= T [arctan ( ) tan (2 ) > + arctan( a_1>]. (E.9)

It isworth noticing that the vesicle curvature energy is exactly compensated by one of the terms of
the energy of the pore which is probably notinnocuous.

Energy landscape of the pore

In additiontothe curvature energy, an energy barrierforresealing needs to be added to the pore
energy landscape. This barrieris due to the merging of the rim upon pore closure. Hence, it should
resemble tothat of the fusion barrier. Atypical energy landscape of afusion pore basedonE.9 is
presentedin Figure 8. An expansion barrieras high and much largerthan the resealing barrieris
clearly observed. This resistance to expansion arises from the high curvature energiesinvolved inthe
process.

The nextstepisto add SNAREpins and observe how they affectthe pore expansion energy
landscape.

Assumingeach SNAREpin contributes with aforce f, the energy landscape of the pore upon the
action of N SNAREpinsisreduced by:

Ey = —Nfr, (E.10)

Usingreasonable valuesforall parameters predicts that the pore will spontaneously expand only
whenthere are three SNAREpins acting simultaneously (Fig. 8). The local minimaforone and two
SNAREpins are located ata pore radius of 0.6 and 0.9 nm respectively. Overall, our model seems
consistent with what was put forward experimentally [110].

However, those theoretical results should be taken very cautiously for the crude approximations
made are to be challenged, including:

- continuum approach forthe bilayer whereas scales are that of lipids

- distance between membraneand vesicletaken fixed whereas it probably decreases over
time

- thevesicle shapeisassumedtoremain spherical whereasitlikely deforms during the process

- thecircular torus-like geometry does notrepresent all possible membrane shapes.
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Figure and Table Legends

Figure 1: a. SNAREpin molecular organization. Thesynaptic SNAREpin is held together by “SNARE domains”
coming from the v-SNARE VAMP2 and from the t-SNAREs Syntaxinla and SNAP25. The 53 residues presented
here for each SNARE domainare distributedina heptad repeat fashion:every 3 and 4 alternatingresidues are
hydrophobic. The resulting hydrophobic pockets, highlighted in yellow and numbered from -7 at the N-terminal
end to +8 atthe C-terminal end, ensure the stability of the SNAREpin. The middlelayer, referred to as layer 0, is
actually hydrophilic.b. These cartoons depict the six stages of SNARE induced fusion that occur when no other
protein isinvolved, likein mostin vitro experiments presented here but unlike evoked neurotransmitter
releasein which some of the stages arebypassed by chaperones.

Figure 2: Standard lipid mixing bulk assay. Vesicles containing quenched fluorescentlipids and v-SNAREs are
mixed with an excess of non-fluorescent vesicles with t-SNAREs (top left). Upon fusion of a fluorescentvesicle
with a non-fluorescent one, dequenching occurs (top right). Hence, monitoringthe fluorescenceincreasewith
time provides a direct measurement of the fusion process (bottom). To ensure that the fluorescenceincreaseis
indeed due to fusion,additional controls areneeded, the most common of which being the content mixing
depicted in Fig.4a. The sudden riseatthe end of the bottom cartoon depicts the addition of detergent which
maximizes the dequenching of the dyes and is used as a reference for analysis.

Figure 3: Initiation of SNAREpin assembly. a. Inthe course of their movement, avSUV andtSUV collide. After
most collisions they move away from each other (firsttwo yellow stars) butsometimes they stay bound
through a SNAREpin. b. For a SNAREpin to form, a v-SNARE from the vSUV and a t-SNARE from the tSUV must
meet. c. Meeting of the two SNAREpins is not sufficient. There initial assembly of the SNAREpin is limited by an
energy barrier.Inthe lipid mixingbulk assay, this energy barrier comes from the need to disruptthe
preassembled t-SNAREs: opening the 3-helix bundleformed by their N-terminal opens the groove for v-SNARE
to bind.

Figure 4: Optical assays (in addition to the lipid mixing assay presented in Fig. 2). a. In the content release bulk
assay, dyes arequenched inthe vSUV. Upon fusion, these dyes are diluted and their fluorescenceincreases.
Monitoringthis increaseintime provides a direct quantification of the content released duringfusion. b. Single
vesicles immobilized on a surfacecan be monitored by total internal reflection fluorescence microscopy (TIRF).
The fusion of a vesicle with cognate SNAREs can be observed either by Forster resonanceenergy transfer
(FRET) for lipid mixing, left, or by dequenching of encapsulated dyes for content release (right). c. Fusionof a
vesiclewith a flatmembrane, supported (left) or suspended (right), can be observed by TIRF. Dequenching of
membrane-bound or encapsulated dyes provides a directobservation of singlefusion event at the level of lipid
mixingand content releaserespectively.

Figure 5: Electrical assays. The fusion of a vesicle with a suspended membrane can be observed by placingtwo
electrodes on either side of the membrane. a. Impedance measurements. Upon fusion, the membrane of the
vesicleisincorporatedinthe suspended membrane whichincreases the capacitance.Also, initially, the
potential inthe lumen of the vesicleis differentfrom the potentials on either side of the suspended
membrane. Hence, upon fusion,there is a transientcurrent to equilibrate the potentials of the vesicle, Vy, and
the lower side of the membrane, V; (right panel). This currentis due to ions that flow through the pore and
therefore provides a directmeasure of the pore kinetics. b. Conductance measurements. Becausethe current
inthe impedance measurement is transient, the kinetics of the pore canonly be measured over a shortperiod
of time (~1ms). To obtain longer kinetics, a constantvoltage canbe applied between the two sides of the
suspended membrane. Usingvesicles with embedded channels, thus at the same potential as the top side(V4),
or nanodiscs,ions flow continuously when the fusion poreopens; the whole kinetics of pore opening and
expansion canthen be monitored.

Figure 6: Fusion time. a. When only one SNAREpin is involved (left), there remains an activation energy barrier
for fusion. Hence, thermal fluctuations will providethe final stroke for fusion pore opening. The mean time for
fusioninthat caseis ~1s. When 6 SNAREpins are actingsimultaneously (right), the fusion barrier vanishesand



fusionis spontaneous.The onlyremainingdelayis the travel time of the vesicleto a 2 nm distanceto the target
membrane, typicallya fewns. b. Variation of the fusion time with the number of SNAREpins based on the

parameters indicated in Appendix D. An additional membrane merger time may need to be added and become
the dominant term for more than 3 SNAREpins.

Figure 7: Role of the various parts of the C-terminal end of the SNAREpin for fusion pore opening and
expansion.

Figure 8: Expansion barrier. Openingthe fusion poreis not sufficientto ensure full fusion. An expansion
barrier due to curvature energies prevents the growth of the nascentfusion pore. Examples of energy
landscapes of the pore expansion without SNAREpin (blue) and upon the action of one (orange), two (green) or
three (red) SNAREpins. For these predictions, the vesicleradius, bending modulus, height of the vesicle
distance, membrane thickness and SNAREpin contribution were set at 25nm, 10 kzT, 2 nm, 5 nmand 10 pN
respectively. 10 pN means each SANREpin provides ~2.5 kyT per nm increase of the pore radius. The
quantitativedetails of the model usedto obtainthese landscapes aredescribed in Appendix E.

Figure 9: Mean normalized fusionrates, p, and p;, defined inthe text, are presented againstthe lipid to

protein ratio. The curves display a plateau aboveapproximately 500 lipids per SNARE for both v- and t-SNARE,
suggesting that the SNARE exhibitno cooperativity and that their contributions areadditive.

Figure 10: Release of molecules through the fusion pore. a. The characteristictimes of release of membrane-
bound molecules (dashed line) and encapsulated cargo (full line)innmare computed from Egs. C.6 and C.8 and
the resulting95% releasetimes of the molecules are plotted againstthe pore diameter in nm. b. Percentage of
release of membrane-bound and encapsulated molecules through a pore expandingat 1 nm/ms. The curves

presented here are for a 50 nmvesicle,a 10 nm longpore and a cargo of 0.5 nm hydrodynamicradius.The
diffusion coefficient of the membrane-bound molecules was chosen at 10 um?/s whichis standard for a lipid.

Figure 11: Avesicle (blue)is fusingwith a flat membrane (black). The fusion pore is assumed to be a partial
circular torus (green).

Figure 12: The expression of 7. is obtained through the triangle presented here. The sides of the triangleare
respectively ,, — (. — t/2 — h),n, + 71, + % andn, + 1. — éfor the purple, green/orange and green/blue

sides.

Table 1: Avesicleinitially located 5 nm from the target membrane is pulled by N SNAREpins, broughtin
contact and fusion occurs subsequently. The travel time, reduction of the fusion barrier, waitingtimeand
fusiontime are indicated for 1 to 6 SNAREpins.

N Tt E, — Née Tw T

number of acting Travel time Fusion barrier Waitingtime Fusiontime
SNAREpins (kgT)

1 50 ns 19 0.2-2s 0.2-2s

2 24 ns 13 0.4—4ms 0.4—-4ms

3 16 ns 7 1-10 ps 1-10 ps

4 12 ns 1 3-30ns 15-42 ns

5 9ns 0 0 9ns

6 8ns 0 0 8ns
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