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Materials and Methods

Recombinant protein expression and purification. Either recombinant Syb2-Hjs(from
plasmid pTW2 1)), or a Syb2-spacer-myc-Higin a p28a vector, ref. 2) was used, without any
noticeable difference in results. Syb2-klisas expressed and purified as descrikBd The
spacer in the second construct consists of 13 amino acid¥BRETYCYYSS @)). E. coli

(Rosetta2 (DE3)Novagen) was transformed with the second plasmid and gtov@Dgg 1,



=0.7 in Luria Bertani (LB) medium at 3T, and then induced with 0.5 mM IPTG. Bacteria were
pelleted using centrifugation at 4500 rpm for 15 min in a J6ABO0 rotor (Beckman Coulter
Avanti J-E centrifuge) and resuspended in MCAC buffer (20 iid-HCI, 1.5% CHAPS, 500
mM NaCl, 20 mM imidazole, 10% glycerol, protease inhibitqukl=8.0) before lysis using a
French Press. Debris were eliminated by centrifugatior8B@0x g for 30 min in an Eppen-
dorf centrifuge and the supernatant was incubated with Nddgarose beads (Qiagen). Beads
were loaded onto a column and washed with MCAC buffer comgif.6% CHAPS and 50
mM imidazole. Recombinant Syb2 was eluted using 500 mM izotain the same buffer.

Soluble Syb2 4, (amino acids 1-92) was expressedRpsetta2 (DE3kells as for Syb2-
spacer-myc-His The bacterial pellet was resuspended in TBS buffer (50 migl HICI, 150
mM NacCl, 20 mM imidazole, 1% Triton X100, protease inhibgopH 8) and lysed in a French
press. The supernatant was incubated with Ni-NTA-agarese$(Qiagen) which were then
loaded onto a column and washed with TBS (pH=7) containinmblmidazole. Recombinant
protein was eluted using 500 mM imidazole and dialysed agétrat 4°Cin 25 mm Hepes-
NaOH, 140 mM KCI, 1 mM DTT, pH=7 4.

To purify the t-SNARE acceptor complex, we used two straegiln the first,E. coli
(Rosetta2 (DE3)Novagen) was co-transformed with a pGEX-KG vector cortgiiN-terminally
GST-tagged rat Syx1A and a pET28 vector containing N-teafhiroxHis tagged rat SNAP25.
Culture and purification conditions were similar to the pomtl for Syb2 above, except a dual
step purification using both GST and 6xHis tags were usedl¢égts®r intact complex. First,
SNAP25Syx complexes and free SNAP25 were isolated on a Ni-agawmsena (Amersham
Bioscience). After elution with imidazole, SNAP&Syx was purified using a glutathione-
Sepharose column (Amersham Bioscience), i.e. free SNAPZS eliminated by extensive
washing with PBS (pH=8) containing 0.3% sodium cholate. BI$ tag on Syx was cleaved

using 100 u/ml thrombin (2 hrs, 3T) to release the heterodimer from the beads. In the second



approach, a polycistronic vector coding rSyx1A (no tag) ldisg-mSNAP25 was used (plasmid
pTW34). Expression and purification were as described itafPat al. (3).

Recombinant mSNAP25B bearing an N-terminal GST tag and &d&sion protease site
(plasmid pJM46) was transformed ino coli Rosetta ZDE?J) cells. After cell lysis, GST-
SNAP25B was isolated on a column packed with Glutathiondn&ese 4B beads (GE Healt-
care), and eluted using situ cleavage by PreScission protease (GE Healtcare) follothiag
manufacturer’s instructions.

Recombinant rSyx-1A bearing an N-terminal 6xHis-SUMO tagiad gift of Jingshi Shen,
Dept. of Molecular, Cellular, and Developmental Biology,dd Colorado) was expressed and
purified as other recombinant proteins, except an AKTA prsystem (GE Healthcare) running
a 50-500 mM imidazole gradient was used to elute the proteurified Hig-SUMO-Syx1A
was cleaved with SUMO protease during dialysis overnight°at. The Hig-SUMO tag was
removed using a Ni-NTA column.

A plasmid coding for TeNT light chain (in a pQE-3 vector) wased to transfornk. coli
JM109bacteria cultured in 2YT medium. The recombinant proteis warified on a Ni-NTA

column as describe@).

Preparation of SUVs and SBLs. SNARE proteins were reconstituted into liposomes es-
sentially as described with small differencey. ( All lipids were from Avanti Polar Lipids
(Alabaster, AL), and were dissolved in a 2:1 v/v mixture of Clkimethanol. Typically, 1
1M total lipid was used, with a composition that was 78 mole %-dipleoylsn-glycero-
3-phosphocholine (DOPC), 15 mole % 1,2-diolesyglycero-3-phospho-L-serine (DOPS),
5 mole % 1,2-dioleoybn-glycero-3-phosphoethanolamine-N-[methoxy(polyethg glycol)-
2000] (PEG2000-PE), and 2 mole % fluorescently labeleddimdher 1,2-dioleoysin-glycero-
3-phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadidzgl) (NBD-PE), or 1,2-dioleoykn



glycero-3-phosphoethanolamine-N-(lissamine rhodamigelfonyl) (LR-PE). Lipids were first
dried either in a rotavap or under a nitrogen stream and tleza kept under high vacuum for at
least 2 hrs to remove traces of organic solvent. Dried lipidee re-hydrated in reconstitution
buffer (RB, 25 mM HEPES, 140 mM KCI, and 0.2 mM TCEP or 0.25 mMTpH=7.4) with
the desired amount of protein and a total of 1.5% (v/w) ndegt-glucoside (OG) or 0.8%
(v/w) sodium cholate. The mixtures were shaken vigorousilyted 4 times to 2 ml using RB,
then dialyzed overnight against 5 | of RB supplemented with SM-2 Biobeads (Bio-Rad)
using Spectra-Por biotechnology grade regenerated asfludialysis bags with a molecular
weight cutoff of 3,500 Da. Dialyzed samples were mixed 1/%/)(with 60% iodoxanol (Op-
tiprep, Axis-Shield PoC, Oslo,Norway) and layered beloWwadhd 0% iodoxanol in RB. After
centrifugation in a Beckman SW41 Ti rotor at 38,000 rpm, 4rmh4°C, 400-500ul of li-
posomes were harvested at the 0%-20% interface. Some tiégtoss and fusion tests were
made in the presence of 1 mM EGTA to remove calcium. Resuta Buch experiments were
indistinguishable from results obtained when EGTA was tedit

SBLs were formed by incubating protein-free (pf) or t-SUMe&overy hydrophilic #1.5
glass coverslips (Waldemar Knittel Glasbearbeitungs-Bndyaunschweig, Germany), which
were prepared by, in sequence, cleaning in a hot Hellmansxdkion, extensive rinsing with
MQ water, Piranha cleaning (a 2:1 mixture of sulfuric acid &ydrogen peroxide), extensive
rinsing with MQ water, drying and plasma cleaning (Harridk@®32G Plasma Cleaner/Sterilizer,
Harrick Plasma, Ithaca, NY). A clean coverslip was bondeith wian elastomer block made of
poly(dimethyl siloxane) (PDMS) containing microfabriedtgrooves which formed flow chan-
nels (Fig. 1). When a solution of SUVs is introduced, the Siflké adsorb onto the glass cov-
erslip, then burst and fuse to form supported bilayers duthe 45-60 min incubation timé).
After extensive rinsing with buffer and for every SBL we fath we checked the homogeneity

of the SBL down to the diffraction limit using the NBD-labelé&pids included in the bilayers.



Then the fluidity of the SBL was verified by fluorescence recpadter photobleaching (FRAP,
a sample trace is shown in Fig. S2). Only if a SBL passed theaktyjchecks did we introduce
a solution of v-SUVs into the channel, at a typical concearreof 40-60 nM lipid. Given that
the mean vesicle diameter is 50 nm (see below), and assuming 0.7 ‘nper lipid (6), this
corresponds to 2-3 pM SUV. Typically, pf- or v-SUVs were tild(2 — 5) x 10° times before

use.

Quantification of actual L:P ratios. Actual lipid-to-protein ratios were obtained using a
combination of densitometry for quantifying protein contrations and fluorescence for lipids.

For lipid quantification, calibration curves were constaacby measuring the fluorescence
from known concentrations of NBD-PE and LR-PE lipids digsdlin a CHC}:MeOH 2:1 v/v
mixture. The calibration curve for NBD-PE is shown in fig. SEor quantifying SUV yields,
ab ul SUV sample was dissolved in 998 CHCI;:MeOH 2:1 v/v mixture. This solution was
placed in a 2 mnmx 10 mm quartz fluorescence cuvette (Hellma GmbH & Co. KG, Gagna
and its fluorescence was measured in a Perkin ElImer LS-5%#oence spectrometer using
Aee = 472 nm and).,,, = 530 nm for NBD-PE and\., = 560 nm and\.,, = 577 nm for
LR-PE (10 nm slits). The measured fluorescence values wexreed to lipid concentrations
using the calibration curves.

For quantifying protein yield, various known concentras@f purified Syb or the t-SNARE
complex SNAP2bSyx1 were loaded onto a Novex Bis-tris SDS minigel. In pataome of
the lanes of the gel were loaded with t- or v-SUVs of knowndiponcentration and nominal
L:P ratios. For protein concentrations that were suffi¢yehigh, we used coomassie staining
(fig. S1b). The stained gel was scanned, and the intensitig® dands quantified using the
“Gels” function of ImageJ software (Wayne Rasband, Nafitmstitutes of Health). The bands

with known concentrations of protein were used to constauzdlibration curve against which



the concentrations of the unknown samples were tested.aRaples with low protein content,
immunoblotting was used (fig. S1a), with monoclonal antibs@gainst Syb (CL69.1) or Syx
(HPC1). Chemiluminescence from an anti-mouse IgG, HRRetinsecondary antibody (Cell
Signaling Tech.) was generated using the Bio-Rad Chemilastience kit ECL for HRP and
recorded on photographic film. After digitizing the photaghic film (shown on the left, fig.
Sla), densitometry analysis was carried out as for Coomatsined samples.

The protein and lipid yields coincided to within measuretregror. Therefore, the nominal

and the actual L:P ratios are the same.

Characterization of the SUVs by dynamic light scattering (OLS). All measurements were
made at the Keck Foundation Biotechnology Resource Latwyrat Yale University using a
Wyatt Technology DynaPro instrument (Wyatt Technologygooation, Santa Barbara, CA) at
90° configuration at 20-25% laser power and°25 Liposome stock solutions were diluted
100x in RB and placed in a Hellma 3@ DLS cell. For every sample, 30 acquisitions, each
lasting 10 s, were averaged. Intensity autocorrelatigiis), were recorded for delays between
0.5us and7.3 x 10° s and analyzed using a cumulant expansion reformulated osiments

about the mean decay ratg,(7):

_ 2
go = B+ pe 27T <1+%7‘2—§7‘3---> : (1)

where B is the baseline (ideally= 1), § is a factor that depends on experimental geometry,
fm = [, dvG(v)(v — 7)™ is them’th moment about the mean, ardv) is the distribu-
tion of relaxation rates. The mean, variance and skewnasespmnd tom = 1,2, and 3,
respectively. The decay rate is related to the diffusiorffment, D, by 7 = Dg¢?, where
q = (4mn/Xo) sin(6/2) is the magnitude of the scattering wavevectok- 1.340 is the refrac-
tive index of the medium), = 828 nm is the incident light wavelength in vacuum= 1.019

mN.s/n¥ is the viscosity of the medium, arfd= 7/2 is the scattering angle. After fitting eq.

6



(1) to experimental autocorrelations (Fig. S3), the Stdkiestein relationpD = kT/(67nRy,),

is used to obtain the mean hydrodynamic radis,which is converted to the number-averaged
radius,R,,, usingR,, ~ R, /(1 + 34.), whered, = ((v?) — ()?)/{v)? = uy/7* is the relative
variance of the distribution of the relaxation rates, vidlgkewness is negligible8]. The advan-
tage of this method over other cumulant expansions is tlengiBvity of the best fit parameters
to the cutoffs chosen for delays. A typical autocorrelatimeasurement and the corresponding
fit are shown in fig. S3. Averaging 26 measurements yieldge- 29 + 1.5 nm (& s.e.m.) and
relative varianceé = 0.48. This value includes the 4 nm thick PEG brush; thus, the average
bare SUV radius isv 25 nm, which is the value used to convert lipid concentratianSWV
concentrations and to calculate the number of proteins g&iche from the lipid:protein ratios,

and is in close agreement with previous independent measmts by electron microscop$)(

Microfluidic flow channels. Elastomer blocks with grooves were produced by cross lopkin
poly-(dimethyl siloxane) (PDMS, Sylgard 184 silicone étaser kit, Dow Corning, Midland,
MI) poured over a SU-8 (MicroChem Corp., Newton, MA) templ&bricated using standard
photolithography at the class 100 cleanroom at the Cente¥iforoelectronic Materials and
Structures (ELM) at Yale University. Photolithographic masks for prothg templates were
also made at the YalgELM cleanroom. Channels we#0 — 500 zm wide, 50 — 80 pm
high, and~ 2 cm long and were connected to a reservoir and a syringe puithgr@ model
KDS210 from KdS Scientific Inc., Holliston, MA or a model F266m Chemyx Inc., Houston,
TX) using poly(tetrafluoroethylene) tubing. Some tematesed in Paris at the early stages of
this study, were a kind gift from Rafaele Attia and Jean-Isodiovy, Institut Curie, Physico-

Chimie Curie, CNRS UMR 168, Paris.

Microscopy and analysis of fusion events. Either an Olympus IX 71 or a Nikon Ti Eclipse

inverted microscope was used. The Olympus microscope wappsd with an Olympus UP-
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LAPO 100XOI3PH 10&/1.35 oil immersion objective, a high pressure mercury amogd, a
heated microscope stage for temperature control and aGandiE VGA CCD camera (PCO
AG, Kelheim, Germany). The Nikon microscope had a6D45 oil objective, a metal halide
lamp, an Air-Therm (World Precision Instruments, Sarasbtg temperature controller, and
an Andor iXon DU897E EM-CCDH12 x 512 pixels). Filter sets for NBD X., = 460 —
490 nm, \.,, = 515 — 550 nm) and for Lissamine-Rhodaming.( = 532.5 — 557.5 nm,
Aem = 570 — 640 nm, Chroma ET-Cy3 set) were from Chroma Technology CorpgkRo
ingham, VT. Streams were acquired typically at a rate of 18ges/s for 500-1000 frames.
Docking and fusion events were marked manually by clickingesicles using the PointPicker
plugin (Philippe Thévenaz, Biomedical Imaging Group, Srederal Institute of Technology,
Lausanne) of ImageJ which records the, and frame coordinates of every click into a text file
(http://bigwww.epfl.ch/thevenaz/pointpicker/). For aéfons of the docking and fusion frames
and an example, see fig. 1 in the main text. The PointPickernmdtion was used to calcu-
late the cumulative fusion rates and delays between ing@tidocking and fusion events using
MatLab (The MathWorks, Natick, MA). The unnormalized fusimte, ', was calculated by
fitting a straight line passing through the origin to the cilative fusions as a function of time
(fig. 2a), provided the total number of fusions in a given neowas> 10. Otherwise,F’ was
calculated as the total number of fusions in a movie, diviokeds duration. Fusion rates were
normalized by the measurement area:in?> and pM SUV concentration, assumifig< 10*
lipids per SUV.

Empirical distributions of the delays between individuacking and fusion events were
calculated either as a probability density function (PDE, probability that fusion occurred be-
tween delayr andr+ A7, whereAr is the bin width) or a survivor function (SF, probability tha
fusion occurred at delay 7). In fig. S11a-d, the theoretical PDFs for the SNARE recraitin

model (see below) are plotted together with the experimelatia. For fig. S11e,f, we used a



non-linear least squares fitting routine (the “Isqcurvdtitiction of the Optimization Toolbox
of MatLab), and used thg? value to assess the goodness of fits. For these analysegs dela
> 0.8 s were ignored< 15 — 20% of delays), as longer delays seem to be due to non-specific
fusions (see the sectidong tail of the delay distributions

For the experimental SFs in fig. S5, best fit parameters to &unebof two exponential
distributions of the formu exp(—t/m) + (1 —a) exp(—t/m), were obtained using a maximum
likelihood estimation (MLE) using the Statistics ToolbdX\®atLab. All delays were taken into
account.

To fit 2-dimensional Gaussian functions to fluorescencensitg profiles of fusing vesicles
as in fig.1, a non-linear least squares fitting algorithm wseduthe “Isqcurvefit” function of
the Optimization Toolbox of MatLab). Our approach was araiy inspired from the Wiseman

group’s image correlation spectroscopy algorithms (H#tfiseman-group.mcgill.ca).

Effect of excitation light intensity. We did not detect significant changes to the distribution
of delay times when the light intensity was varied (Suppletagy Fig. 4), indicating fusion is

not driven by light under our experimental circumstances.
Long tail of the delay distributions

Although75 — 85 % of delays between docking and fusion werd).8 s, a slowly fusing pop-
ulation is evident in the delay distributions (Fig. 3b), asyiously described by the Weisshaar
group @). To gain insight into the origin of the long time-scale, wargpared distributions of
delays between docking and fusion between v-SUVs and ditloemprotein-free (pf)-SBLs in
experiments run in parallel. For delays obtained usingltsSB/e used a mixture of exponential
distributions to estimate the characteristic time of tlosvstomponent. An exponential fit does

not capture the short time scale behaviour since a peakasiatty present in the probability



densities at short delays (see main text), but here we aefysaincerned with the long time be-
haviour. Delays for v-SUV/pf-SBL fusions are well fit by a gla exponential distribution with
the same time scale as the slow decay tim&om v-SUV/t-SBL experiments run in parallel
(Supplementary Fig. 5), even though fusion events are radtdleerefore fits are less reliable.
When we attempted to fit a mixture of two exponentials to ti&UN/pf-SBL data, essentially
a single component with time scale , was obtained. This suggests that the long time scale
is due to non-specific interactions between v-SUVs and S#hsther or not the latter contain
t-SNARES, despite the use of a protective PEG brush. Syb lsasies of basic residues in
its juxtamembrane domain that can interact with acidiadsgn apposed bilayers tnans (2).
Alternatively, defects in the SBL or impurities may providge docking opportunities. When
docked for a sufficiently long time, a SUV may fuse with a SBlainon-specific manner. The
presence of t-SNARES in the SBL is expected to enhance thispecific fusion, by providing
more opportunities for docking. Liat al. (9) and Domanskat al. (10) also reported a long

time scale, which they did not examine.
Delays between docking and fusion are limited by recruitmenof t-SNARESs

We examined delay distributions as a function of the t-SNARIGsity on the SBL (at fixed
v-SNARE density on the v-SUVs) anl,,, the number of Syb per SUV (at fixed t-SNARE
density).

To vary the t-SNARE densitys, we used either SBLs with nominal t-LP ratios of 10K
(~ 140 t-SNAREY um?) and 30K ¢ 48 t-SNAREs /um?), or simply let the v-SUV/t-SBL
fusion reactions run for a long time, depleting free t-SNAREy the formation of SNARE
complexes. The former method is direct, but suffers fromditeevback that not all t-SNAREs
are reconstituted actively into the SBL. This is consisteitih previous reportsg, 11) and is

also evident from the fact that the overall fusion rate iasezl only by a factor of 1.59 when
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the t-SNARE density was increased 3-fold (from t-LP=30K @K} and dropped at higher
concentrations (fig. S 6). Thus, only a relatively smalleti&nce of about0% in the density

of active t-SNARES is expected between t-LP=30K and 10K SBhbsthe second approach,
at early times after introduction of v-SUVSs, the t-SNARE digpnis close to its initial value,
whereas as time increases, the t-SNARESs will be depleted.approach has the advantage that
delays from the same SBL and SUV sample are probed, elimmatrors due to experimental
variations.

Delay distributions between t-LP=10K and 30K SBLs fusingfmi-SUVs (v-LP=150) are
shown in fig. 10a. The mean delay for the lower density t-SBHLPE3O0K) was longer (200
ms) than that for higher density t-SBLs (t-LP=10K, 180 ms)ofher experiment using v-SUVs
with v-LP=333 gave a similar result.

A comparison between delays obtained at “earky”1(/2 hr) vs. “late” (> 2 hrs) stages of
v-SUV/t-SBL reactions (t-LP=30K, v-LP=150) is shown in fi§10b. Again, a clear shift to
longer delays is observed, with mean delays equal to 200 &b for early and late stages,
respectively. Comparison of early vs. late delays in thrisemnindependent comparisons (t-
LP=10K/v-LP=150, t-LP=10K/v-LP=333, t-LP=30K/v-LP=3B8Iso yielded longer delays for
SBLs with depleted t-SNARESs. Overall, the delays wesg + 6 ms for early an®19 4+ 20 ms
for late delays £ s.e.m., n=4).

The fact that in all of the six possible comparisons betwéenfour sets of data, SBLs
with depleted t-SNARES yielded longer delays indicates tledays are limited by how fast
t-SNARES can be recruited to fusion sites.

In sharp contrast, the mean delays are insensitive to thatgei v-SNARES on the SUVs
as long as there are enough Syb per SUV to mediate fusionpassh fig. 10c. The simplest
explanation is that even at the lowest v-SNARE density usgd< 15), the monolayer density

of Syb would bep™" = (N, /2)/(4rR?

v ves

) ~ 955 /um?, using R, = 25 nm. Thus, the
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minimum v-SNARE areal density is about 7 times larger thanhighest density t-SBLs used
so that delays are limited by the recruitment of t-, not v-AR¥ESs.

These data indicate that pre-formed clusters of t-SNARHEsragional docking/fusion sites
can be ruled out, because if all the t-SNARESs needed for flusiere already assembled at the
docking/fusion site, delays would remain unchanged whent#8NARE density was varied

(although the overall fusion rate would change).
SNARE recruitment model

The delay times between docking and fusion increased wiSNARE density was decreased.
This observation suggests that fusion requires t-SNARIEffizse laterally within the SBL to
the docking site; the more dilute the t-SNARES, the furtli@ytmust diffuse and hence the
greater the delays. Moreover, we have fouxiti =5-10 v-SNARESs are required for fusion,
suggesting that fusion requirds* SNAREpins to be formed. Bowest al. (12) showed that a
single SNAREpin is sufficient for docking. Therefore, fongiV* SNAREpins would require
that after docking an additional = N* — 1 = 4-9 t-SNARES be recruited from the SBL to
the docking site at which one SNAREpin is already engagedv Wagner and Tamm reported
that abouts7% of t-SNARES were mobile in PEG-cushioned SBLs containiago PS as in
our experimentsl(l). Thus we assumed the mobile fraction was 0.5, so the efeetENARE
density in the t-LP-30k SBLs is'y = 24/um?. Thus the required 4-9 t-SNAREs would have
to be recruited from a distanee .23 — .35um, far greater than the radius of the docked SUV.
This suggests t-SNAREs must diffuse considerable distatacthe docking site before fusion
can occur.

Thus motivated, we calculated what the distributi®fr) of fusion timesr would be (rel-
ative to the instant of docking) assuming only: (i) ActivE MAREs are homogeneously and

randomly distributed about the SBL with mean dengigy (ii) t-SNARESs diffuse independently
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in the SBL with diffusion constanb, (iii) a t-SNARE is recruited if ever its diffusion happens
to bring it to within the “capture radiusi of the docking site and (iv) fusion occurs whegn
SNARES have been cumulatively recruited in this fashion.

The t-SNARE recruitment kinetics in this simple model arsesgially those of a planar
reaction-diffusion system where the docked vesicle plagsdle of a reaction sink of radis
the mean number of reacted patrticles after tineanalogous to the mean number of t-SNARES

recruited a time- after the docking event, namely;(7). Thus (3)

00 _ _—Du?r
Nir) =2 [ i , @)
T Jo u? {J02(bu) + Y022(bu)}

wherelJ, andY, are Bessel functions of the first and second kind, respégtiver times larger
than the sink diffusion timer; > t, = b*/D, this expression is well-approximated by a simple
form

4nl'g DT

Ny(7) ~ m(Cr/h) (3)

whereC' = 1.274. Now given the mean number above, the probability th&NAREs have
been recruited after timeis a Poisson distribution,

p

W(plr) = %e-m. (4)

But the probability/’(7) thatp SNARES havenot yetbeen recruited after timeis the sum of

probabilities over all values less thanThis can be written

E

Fir)=1- 3 W(kn) (5)

k=p
after using the normalization property that the sum ovepalalues equals unity. Thus the

distribution of fusion times is

dF NP1
i s Ns —Ng 6
dr  (p—1)! ¢ (6)
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whereN,(7) is given by eq. 2 and/, denotes the derivative with respecttoThe shape of the
distribution depends on the valuegfthe number of SNAREs which must be recruited.

In fig. 11a,b we compared measured delay time distributioribe predicted distribution
of eq. 6 for different values of the parameteusing the simplified form forV,, eq. 3. For
t-SNARE diffusivity we used) = 0.3 um?/s, the value reported by Wagner and Tanid) for
15% PS SBLs, while t-SNARE densify?’® = 24 /um? was used for the t-LP=30K bilayers
as discussed above. Though t-LP=10K SBLs carry three tim@samy t-SNARES, we found
the fusion rate increased by a factor of 1.59 only (Fig. S6ygesting the density of active t-
SNARES does not scale in proportion to the total t-SNARE tenshus for t-LP=10K bilayers
the effective density of active t-SNARES relative to theR=430K bilayers was taken to be in
proportion to the measured relative fusion rates, giiiff* = 38 /um?. A valueb = 10 nm
was used for the capture radius.

The same valugy = 8, gave best fits to the measured delay time distributions @b b
t-LP=30K and t-LP=10K bilayers (figs. 11 (a) and (b), respety). When we instead fixed
p = 8 and alloweds to be a variable parameter, for the t-LP=30K bilayers we tbhest fit
model-predicted delay time distributions for densitieshie rangd’s ~ 15 — 25/um? (fig. 11
(c)). This is consistent with our assumed valud'gf* = 24 /um? based on an assumaad%
active fraction. The model distributions are relativelgensitive to the choice of capture radius
b, with best valué ~ 10 nm (fig. 11 (d)). Allowing bothp andI's to be free fitting parameters,
fig. 11(e), returned best valugs= 10 andl's = 26/um? (t-LP=30K) remarkably consistent
with the values above. Finally, the bestfivalues exhibited little variation for different values
of V,, the number of SUV v-SNARES, fig. 11(f). The mean over a ranfg#/ ovalues was
p=06.9+34.

Overall, analysis of fusion time distribution data usingnage t-SNARE recruitment model

suggests about 4-10 t-SNAREs must be recruited to the dgakia for fusion, i.e. a total of
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about 5-11 t-SNARESs are required. This is consistent wight410 v-SNARE requirement we

established from fusion rate measurements.
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Supplementary Figures
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Figure S1  Quantification of protein and lipid yields after proteoliposome formation.
(a) Quantitative western blotting to determine the yield of t-SNARES reconstituted into
SUVs. Left: immunoblot detected on photographic film, and scanned. Lanes 1-6: stan-
dards. Lanes 7-9: t-SUVs with nominal t-LP=10K, 5K, 2.5K (10 ul each were loaded)
with the indicated protein content if reconstitution yield were 1. Boxes drawn around
the bands were used to define intensities using ImageJ (see text). Right: densitometry
calibration using the band intensities of protein standards in the left panel. (b) Similar to
(a), except Coomassie staining was used for detection. (c) Calibration of the NBD-PE

lipid fluorescence intensity, used to deduce lipid yield of NBD-PE labeled liposomes.
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Figure S2 A typical FRAP measurement before a v-SUV/t-SBL fusion test. (a) The
SBL is doped with 2% NBD-PE, which is bleached only in the center of the viewfield by
closing the field diaphragm to its minimum. The bleached region is 17 um in diameter.
The frames correspond to 3, 15 and 120 s after bleaching ended and recovery started.
Recovery occurs due to flux of unbleached labeled lipids through the edges of the
bleached zone. (b) Average fluorescence intensity in a circle that fills the bleached
zone as a function of time (dots). The red curve is a fit to the data assuming a circular
bleach zone at ¢t = 0, full recovery, and negligible bleaching during read-out (eq. 3 of
ref. 14), which yielded D = 6.5 um?/s. This simple experiment does not fulfill all these
assumptions, and consequently a perfect fit is not expected. The fit is only intended
to get a rough estimate of the quality of the SBL before a fusion test with v-SUVSs.
T=32°C. Averaging measurements from 7 similar SBLs yielded D = 6.28 +0.54 um?/s

(+ s.e.m.).
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Figure S 3  Characterization of vesicle sizes by dynamic light scattering. A typical
intensity autocorrelation measurement (blue dots) and eq. (1) fitted to data (red curve).
The fit yielded the relaxation frequency 7 = 0.76 /ms , relative variance § = p,/v? =
0.37, B = 1.002, and g = 0.328, implying R,, =~ 29 nm (see text). (v-SUVs, L:P=571,
T=25C, R% = 1.00.)
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Figure S4  Effect of incident light intensity on the distribution of delay times between
docking and fusion. The data in blue are obtained without any neutral density (ND) fil-
ters, whereas a ND with an optical density of 0.3 (cutting 26% of incident intensity) was
used for data in red, under otherwise identical conditions, from the same regions on
a t-SBL (t-LP=10K, v-LP=120, 86 delays in each case). In other experiments wherein
the incident light intensity was controlled by over a factor of ~ 4 by varying the aper-
ture diaphragm also resulted in delay distributions that were indistinguishable within

experimental error.
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Figure S5 Distributions of delay times between docking and fusion for t-SNARE and
protein-free (pf) SBLs. (a) Delays for t-SBL/v-SUV fusions. A fit to the distribution using
a mixture of two exponential decays of the form aexp(—t/7) + (1 — a) exp(—t/72) gave
a=0.57£0.06, 7 =046 £0.06S, 72 =2.26 £0.23 s. (t-L:P=10K, v-L:P=120, n.,, = 8,
nrs = 605) (b) Delays for fusions between pf-SBLs and the same v-SUV preparation
as in (&) (negpr = 8, nyus = 28). The experiments in (a) and (b) were run in parallel.
Only a single time scale is evident for pf-SBLs. A single exponential distribution model
yielded 7 = 2.29 4+ 0.45 s. Use of a mixture of two exponentials did not improve the
confidence intervals returned by the fitting routine and led to a negligible amplitude for

the fast component: a = 0.04 +0.07, ;, = 0.08 £ 0.13 s, » = 2.38 + 0.50 S.
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Figure S6 The normalized fusion rate, f, as a function of SBL t-SNARE lipid:protein
ratio (t-L:P) measured at 32°C. The total number of single fusion events and the num-

ber of experiments are indicated for every t-L:P tested (v-L:P=150).
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Figure S 7 Comparison of the rates of total docking, fusion and undocking rates.
Total docking comprises all docking events, whether or not the docked vesicle fused.
(a) Cumulative number of total docking, fusion, and undocking events as a function of
time. (b) Average rates of (unnormalized) total docking, D,.., fusion, £, and undocking,
U, obtained from the slopes of the plots of cumulative events in (a). The ratio of the
fusion rate to the overall docking rate is 0.50, whereas U/ D;,, = 0.039, implying ~ 50 %
and =~ 4 % of the docked vesicles end up fusing or undocking, respectively (v-L:P=150,
t-L:P=10,000, T=32°C). The acquision areas and SUV concentration were the same

for all acquisitions in this set of data.
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Figure S8 The rates of fusion and total docking (counting all docking events regard-
less of the fate of the docked vesicles) as a function of time. (a) The rates of fusion
(red squares) and total docking (blue circles) as a function of time, normalized to the
value of the first measurement. Exponential fits to the data yielded: « = 1.16 + 0.15,
v = (346 £ 0.78) x 107* /s (R*> = 0.95), a = 1.21 £ 0.25, v = (3.15 4+ 1.16) x 10* /s
(R? = 0.85) for the docking and the fusion rates, respectively. (b) The ratio, \, of the
fusion rate to the total docking rate as a function of time. The rate of total docking

remained ~ 2x the rate of fusion.(t-L:P=10K, v-L:P=150, T=32°C.)
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Figure S 9 The rate of decay of the fusion rate depends on the number of Syb per
SuUV, N,. The higher N,, the faster the rate at which the overall fusion rate f decreases.

Below N, = 60, the decay rate was too low to be detectable within a ~ 2 hr period. (t-

L:P=10K)
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Figure S 10  Delays between docking and fusion are limited by recruitment of t-
SNAREs. (a) Delays are longer for SBLs with lower t-SNARE densities (higher t-LP).
The mean delays are 180 ms and 200 ms for SBLs with t-LP=10K and t-LP=30K,
respectively. (b) Delays recorded within 30 min of v-SUV/t-SBL reactions (“early”,
mean=200 ms) are shorter than delays recorded at late times (¢t > 2 hrs) when t-
SNARESs have been depleted (“late”, mean=270 ms). (c) Mean delays as a function of

N,, the number of Syb per SUV.
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Figure S 11 = Comparison between the SNARE recruitment model and measured
delay distributions. (a) Theoretical curves calculated for the indicated p values, using
D and I's values based on measurements of ref. 11, and b = 10 nm. Inset: the y?
statistic measuring how close the theoretical curves are to the measured distribution.
p = 8 is a global minimum. (b) Similar to (a), except for higher t-SNARE density (t-
LP=10K). The SNARE density relative to data in (a) (t-LP=30 K) is estimated based on
the relative overall fusion rates, f at the two t-LP values (see fig. S 6). Remarkably,
p = 8 is again a global minimum for the x? plot. (c) The effect of varying I's. All other
parameters were fixed as indicated. (d) The effect of varying the capture radius, b. The

other parameters were fixed at the indicated values. (e) Allowing both p and I's to be
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free fitting parameters (for fixed D and b), for the same data as in (a) returned p = 10
and I's = 26, remarkably close to the value of I's based on measurements (11) and
the p value found to give the closest match in (a). Inset: the empirical survivor function
for the same data (black) and the corresponding fit (red) (f) Best fit p value found from
fits such as in (e), as a function of N,, the number of Syb per SUV. The average over
N, isp =6.9 4+ 3.4 (+ std, 9 sets of experiments, 40-456 delays and 2-14 experiments

per set, t-LP=10%, 1,219 fusions in total).
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